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ABSTRACT 
Th ree type s  of  s u s p ended  p l a te s o l a r  a i r heaters  were i n s ta l l ed 
on  farms i n  Te n n e s s e e  to s u pp l y h e a t  for g ra i n and  c ro p  dryi n g. A 
wrap-around  s o l a r  a i r h e a te r  w a s  con s t r u c te d  o n  a row crop  f a rm i n  
We s t  Ten n e s s ee a n d  u s e d  to d ry 2 1 0 m3 ( 6000 b u ) of  c o rn du r i ng F a l l 
1 982 a n d  1 05 m3 ( 3000 b u ) of  w h e a t  du r i n g  S p r i n g  1 983 . T h ree  porta b l e 
s o l a r  a i r h e a te r s  were  i n s ta l l e d o n  a row crop  f a rm i n  M i dd l e 
Te n n e s see  a n d  u s e d  to d ry 800 m3 ( 2 3000  bu ) of  s oybe a n s  and  
120  m3 ( 3 500  b u ) of  corn  d u r i n g  F a l l 1 982 . A m u l t i p u r p o s e  s o l a r  
b a rn w a s  e re c ted  t o  prov i de s u p p l eme n ta l  h e a t  fo r l a rge  h ay b a l e 
dryi n g , g r a i n d ryi n g , a n d  s h o p  h e a t i ng  on  a f a rm l o c a ted  i n  Ea s t  
Tenne s s e e . T h e  b a r n  w a s  u s ed  to d ry 400  680 - k g  ( 1 500- l bm ) l a rge  
ro u n d  b a l e s  of  a l f a l fa  h ay ,  7 2  m3 ( 2050  b u ) of  w he a t ,  and  350  m3 
( 1 0000 b u ) of  c o rn d u r i n g 1 982. 
A m i cro comp u te r - b a s e d  d a ta acqu i s i t i o n sys tem w a s  f a b r i c a te d  
to mon i to r t h e  t h r e e  s o l ar  a i r h e a te r  i n s ta l l a t i o n s . Co l l e c to r  
eff i c i e n cy and  the  q u a n t i ty of  u s ab l e h e a t  s u p p l i e d by e a c h  of  the  
three  typ e s  of  h e a te r s  were  determ i ned. DEC  P D P- 1 1 /03  m i c rocompu te r s  
w i th a s s o c i a te d  pe r i p h e r a l  equ i pme n t  w e r e  mou n te d  i n  i n expen s i ve 
s u i t c a s e s  a n d  u s e d a s  u n a t tended  f i e l d u n i ts  f o r  c o l l e c t i n g  a n d  
s tor i n g  d a t a  v a l u e s  o f  p e r t i n e n t  p a rame te r s . D a ta were  re t r i eved  
by a h o s t compu te r  w h i c h  co u l d con ta c t  e a c h  f i e l d u n i t v i a tel e p hone . 
Res u l ts of  the  therm a l  a n a l ys i s  rev e a l e d  th a t  s o l a r  a i r 
he a te r s  c a n  s u c ce s s fu l l y  be  u s e d  to prov i de a s u i ta b l e a i r tempera­
tu re r i s e  for  mo s t  pe r i ods  of  c rop  dry i n g . The  an a l ys i s f u r th e r  
i v  
v 
i n d i c a te d  t h a t  a s u s pe nded  corrugated  a b s o rb e r  p l a te p rov i de d  an  
effe c t i v e  me a n s  of  s o l a r  rad i a ti on  i n tercept i o n . T h e  hea te r s  
opera ted w i th average  e ff i c i en c i e s  i n  t h e  r a n g e  of  50  t o  70  percen t .  
Re s u l ts o f  the  econom i c a n a l ys i s were  compu te d  w i th  comb i n a­
ti o n s  of  v a r i o u s  i n te res t a n d  fue l  i nf l a t i o n  r a te s . T h e  a n a l ys i s 
i n d i c a te d  t h a t  the  w r a p - around  s o l a; a i r h e a te r ,  a s  u s e d  o n  t h e  
te s t  s i te ,  h ad  a n  a n n u a l  s a v i n g s  r a n g e  o f  - $2 5 0  t o  - $4 8 9. T h e  
nega t i v e  s av i n g s, o r  co s t ,  re s u l ted from l ow a n n u a l  u s e  of  the 
he a te r . The portab l e s o l a r  a i r he a te r s  had an  a n n u a l  s av i n g s  
range  o f  $ 5 7 4  t o  - $1 95 . T h e  m u l t i purpose  s o l a r  b a r n  h a d  a n  a n n u a l  
s av i n g s  r a n g e  of  $20 1 5  t o  - $4 6 8 . 
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CHAPTER I 
I NTRODUCT I ON 
I .  BAC KGROUND  AN D STAT EMENT OF THE  PRO B L EM 
On- farm c ro p  d ry i n g  i s  a n  i mporta n t  f u n c t i o n  o n  many f a rm s , 
e s p ec i a l l y  on  t h o s e  l o c a te d  i n  the  hum i d c l i ma te c h a ra c te r i z i n g 
Ten n e s s ee. To avo i d . i n - f i e l d l o s s e s , c rops  are  typ i c a l l y  h a rv e s ted  
a t  a h i g h e r  mo i s tu re c o n te n t  than  s afe s torage w i l l  a l l ow .  Then , 
to p rev e n t  mold g row th a n d  s po i l age , the  c rop  i s  d r i e d  to an  
appro p r i a te mo i s tu re l ev e l . Many type s of  c ro p s  requ i re d ry i n g : 
corn , for  e xamp l e ,  i s  common l y  h a r v e s ted  a t  2 5  perce n t  mo i s tu re con­
te n t  ( w e t  b a s i s )  a n d  then  dr i e d to  1 3  percen t mo i s tu re con ten t (we t 
ba s i s ). T h e  i mp o r ta n ce o f  corn  d ry i ng  w a s  rev e a l e d  when  He i d  ( 1 9 7 8 )  
e s t i m a te d  th a t  thre e - f o u r t h s  o f  the  U. S .  corn  c ro p  h a d  to be  d r i e d . 
Al thou g h  n o t  the mos t d e s i rab l e me thod , u n he a ted  amb i e n t  a i r cou l d 
be forced  thro u g h  c o r n  a n d  o th e r  crops  to a c h i e v e  d ry i n g. Forced  
u n h e a ted  amb i e n t  a i r d ry i n g  i s  the  l ea s t  e xpen s i ve me thod  of d ryi n g ; 
howe v e r ,  i t  i s  l i m i te d  to b e i n g  u s ed i n  favorab l e c l i m a te s . 
To d ry crops  i n  h um i d c l i ma te s  a n d  d u r i n g  w e t  weathe r ,  the  
amb i en t  a i r mu s t  be  s u p p l eme n ted  w i th some form of h e a t .  Trad i t i o n a l l y , 
l i qu ef i ed pe tro l eum  g a s  ( LPG ) ( propane ) h a s  been  u se d  i n  Ten n e s s ee 
as  the  maj o r  s o u r c e  of s u p p l eme n ta l  h e a t . S i n c e  LPG  i s  a pe tro l eum 
de r i v a t i v e  w h i c h  h a s  been  emp l oyed a s  a f u e l  for  a u tomob i l e , dome s t i c ,  
and  i n du s tr i a l  a p p l i c a t i o n s  ( So u de r s , 1 98 1 ) ,  a n  e v e r  i nc re a s i n g  demand  
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drove p r i c e s  u p .  F o r  i n s tance , He i d ( 1 9 78 ) repo r te d  t h a t  i n  1 9 7 6  
LPG  co s t  7 . 2  c e n ts / L  ( 2 7  c e n t s /ga l ) .  By 1 983 , the  co s t  of  LPG  had  
mo re t han  t r i p l e d  to  2 3 . 7  c e n t s / L  ( 89 cen t s / g a l ) ( Ba x te r ,  1 983 ) .  
Th i s  p r i ce  i n c re a s e  s eeme d  more s i g n i f i c a n t  w he n  the  q u a n t i ty of  
fue l  used  w a s  co n s i dered . T h e  research  of  Fo s te r  a n d  P e a r t  ( 1 9 7 6 ) 
i n d i c a te d  t h a t  i t  too k  a p p ro x i mately 0 . 5 7 L ( 0 . 1 5  g a l ) of  LPG  to 
dry 0.03 5  m3 ( 1  b u  by v o l ume ) of corn  from 2 5  to 1 3  perce n t  mo i s tu re 
c o n te n t  ( w e t  b a s i s ) .  Mo re s pe c i f i c al l y ,  Torge n s o n  a n d  Coo per  ( 1 9 7 8 )  
repor ted  t h a t  i n  1 97 8  f a rm s  a c ro s s  the  U . S . u s e d  2 . 3  x 1 08 L 
( 6 . 1  x 1 07 g a l ) of  L P G  a n d  t h a t the  farms  o f  Tenne s see  u s e d  
6 . 4  x 1 06 L ( 1 . 7  x 1 06 g a l ) .  When  f u e l  p r i ces  a n d  c o n s ump t i o n  are  
con s i dere d ,  a l te rn a t i v e  sou rce s of  s u p p l emen ta l  c ro p  d ry i n g  h e a t  
become s de s i rab l e .  T h e  q u e s t for u s a ble forms  of  e n ergy i s  s p u rred 
by f u r ther  p r i ce  i n c r e a s e  and  u n c e r ta i n s u pp l i e s o f  f u e l s .  
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So l a r  e n e rgy h a s  been  con s i dered  a p o te n t i a l  s o u rce  of s u pp l e­
me n ta l  h e a t  that  c ou l d b e  used  for  on- farm crop  dryi ng . S i nce  s o l ar  
ene rgy i s  a d i ffu s e ,  low grade ene rgy ,  i t  i s  w e l l a da p te d  to  low- h e a t  
dryi ng  w h i c h requ i re s  l a rge  amo u n ts of  s l i g h tl y  h e a te d  a i r .  S hove  
( 1 9 78 ) s ta te d  t h a t  a l thoug h a con s ta n t  s o u rc e  of  heat  e n e rgy i s  
p referred  fo r c ro p  d ry i n g ,  the  i n te rm i t ten t a p p l i c a t i o n  of  h e a t  may 
be a c c e p ta b l e .  A s  a r e s u l t ,  the u se of  s o l a r  a i r h e a te r s  w i th no  
prov i s i o n for  h e a t  s to rage have  be come a v i ab l e source  of  h e a t  for 
crop  d ry i n g . Many typ e s  of  solar  a i r heaters  have  been  b u i l t  and  
u s e d  s u c c e s s fu l l y  to  dry crops . Howev e r ,  H e i d ( 1 9 7 8 )  repo r te d  t h a t  
the s e  heaters  h a v e  been  e v a l u a ted  o n l y o n  a l i m i te d  b a s i s .  P ro b l ems 
of  determ i n i ng the  econom i c fe as i b i l i ty of  the h e a te r s  h av e  been  
a s s o c i ated  w i th  the  l i m i te d  e v a l u a t i on. Econom i c f e a s i b i l i ty 
p r i m a r i l y  depe n d s  u pon  the  therma l  perfo rmance  of  the  h e a te r  w h i c h 
i de a l l y  c o u l d be  e v a l u a ted  u n der  a c tu a l , o n - f a rm c rop  d ry i n g  con­
d i t i o n s . T hese  c o n d i t i o n s  wo u l d be mo s t  repre s e n ta t i v e  of  the  
e n v i ronme n t  where the  s o l a r  a i r h e a te r  wou l d typ i c a l l y  o p e ra te . 
I I .  O BJECT I V ES 
The  p u r p o s e  o f  th i s  s tu dy w a s  to e v a l u a te the  perfo rm a n c e  
of s o l a r  a i r h e a te r s  w h i c h  o p e r a te d  u n de r  on-f arm con d i t i o n s  i n  
Tenn e s see . S pe c i f i c  o bj ec t i v e s  of the stu dy were : 
1 .  To determ i n e the  therm a l  performance  of  s o l a r  a i r 
h e a te r s  w h i c h  o p e r a te d  u nder  a c tu a l , o n - farm crop  
d ry i n g  con d i t i o n s . 
2 .  To de te rm i ne  the  econom i c f e a s i b i l i ty o f  u s i n g s o l a r  
e n e rgy a s  a s o u rce o f  s u pp l emen ta l  h e a t  for c ro p  
d ry i n g  a n d  o th e r  app l i c a t i o n s . 
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CHAPTER I I  
R EV I EW OF L I TERATU RE  
I .  TH ERMODY NAM I CS OF CROP DRY I N G  
Deve l o pme n t  o f  C ro p  D ry i ng  P r i nc i p l e s 
P r i n c i p l e s  of  c ro p  d ry i n g  began  u nfo l d i n g  a t  t h e  be g i n n i n g 
of  c i v i l i z a t i o n . H a l l ( 1 9 80 ) de s c r i bed an  e a r l y s ce n e  where  c e r e a l  
g ra i n s  w e r e  d r i e d  w i th  n a tu r a l  a i r i n  the  f i e l d t o  r e d u c e  s p ro u ting  
a n d  mo l d i n g  w h i l e  i n  s torage . As an  e xampl e ,  h e  o u tl i ne d  the  
dryi n g  o f  e a r  corn  w h i c h  began  w i th a i r mov eme n t  through  i n d i v i du a l  
c o r n  s ta l k s  t h a t  s tood  i n  t h e  f i e l d .  T o  f u r th e r  comp l eme n t  d ry i n g  
i n  t h e  f i e l d ,  t h e  s ta l k s  were  cu t a n d  p l aced  i n  s ho c k s . I f  the  
hu s ke d  ears  o f  c o r n  d i d not  comp l e te l y  d ry w h i l e  i n  the  s hock s ,  
they were remo v e d  f rom the  s ta l k s  a n d  p l aced  i n  p i l e s i n  the  f i e l d 
where  they con t i n u e d  to d ry .  The  p i l e s of  corn  e a r s  were  then  
mov e d  to  a n a r row c r i b w h e re they cou l d re s ume d ry i n g  w i th n a tu ra l  
a i r� H a l l ( 1 980 ) emp h a s i z e d  t h a t  i t  was  n o t  u n c ommon  fo r corn , 
whea t ,  b a r l ey , and  rye to s p ro u t  a n d  for mo l d i n g  to o c c u r  on  
k e r n e l s when  these  p r i m a t i v e  methods  o f  dryi n g  were u s e d .  S i n ce 
the s e  e ar l y methods  of  dry i n g  were s i mp l e ,  man  c o u l d s e n s e  a re l a t i on­
s h i p b e tween  c l i ma te and  r a te of  d ryi ng . Awarene s s  of  th i s  re l a t i o n­
s h i p e s tab l i s hed  the  b eg i n n i ng of  crop  d ry i n g  p r i n c i p l e s . 
To be tter  u n d e r s tand  crop  dry i n g  p r i n c i p l e s , r e s e a r c h e r s  began  
i n v e s t i g a t i n g  th i s  t hermodynam i c p roce s s  i n  the  e a r l y 1 900 ' s. 
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Le hm a n n  ( 1 9 2 6 ) s tu d i e d  d ry i n g ,  s torage , a n d  s h r i n k age  of g r a i n s  a n d  
a r t i f i c i a l d ry i n g  a n d  c u r i ng  o f  h ay crops . He u s e d  n a tu r a l  v e n t i l a ­
t i o n , fo rced  u n h e a te d  a i r ,  a n d  forced h e a ted  a i r  to dry h ay ,  c o rn , 
w h e a t ,  s oybe an s ,  a n d  o ther  sma l l g ra i n s . He found  h e a te d  a i r w a s  
mo s t  e ffec t i v e  f o r  qu i c k d ry i n g  and  a m i n i mum of c ro p  l o s s . Howe ve r ,  
h e  n o te d  t h a t  t h e  e x tr a  co s t  of  h e a t i n g  t h e  a i r needed  to be  b a l a nced  
a g a i n s t  crop  l o s s  w h i c h  o c c u rred  w hen  o th e r  me thods  were  u s e d . T h e s e  
qu a l i tat i v e  o b s e rv a t i o n s  i n d i c a ted  t h a t  a l t ho u g h  crop  dry i ng  w a s  
an a n c i e n t  a r t ,  l i tt l e u n d e r s ta n d i ng  of  i ts pr i nc i p l e s  had  been  
dev e l o pe d  a s  l a te a s  the  ear l y twe n t i e th c e n t u ry .  
B e tween  Wo r l d War  I I  and  the  1 960's , t here w a s  a ra p i d  i n c re a s e  
i n  f a rm m e c h an i z a t i o n . I n crease  i n  l and  a n d  l a b o r  p rodu c t i v i ty 
re s u l ted i n  a n  i n c r e a s e  i n  the  s peed  a n d  q u an t i ty of  crop  h a rv e s t .  
Large s c a l e o n -farm c rop  d ry i n g  b e c ame a commo n p r a c t i ce  to av o i d  
l o s s  du r i n g  h a rv e s t , h a n d l i n g ,  and  s to rage . H a l l ( 1 980 ) repo r ted  
th a t  mos t c ro p s  we re r a p i d l y  d r i e d  w i th forced  h e a te d  a i r o r  were 
s l ow l y d r i e d  i n  deep  beds  u s i n g l ow tempera ture  a i r .  Du r i n g  th i s  
s ame per i o d ,  m a ny re s e ar c h e r s  e v a l u a te d  the  therm a l  eff i c i e n cy ,  a i r ­
fl ow d i re c t i o n , a i r v e l o c i ty ,  a n d  o ther  pa rame te r s  w h i c h affe c te d  
dryi n g . 
Al l en ( 1 960 ) repo r ted  th a t  two i mporta n t  c o n c e p ts w h i c h  
he l ped to exp l a i n t h e  d ry i n g  r a te of  c ro p s  h a d  eme rged  by t h e  e a r l y 
1 96 0's. The f i r s t  was c o n s tan t- r a te dry i n g  wh i c h o c c u rred  w he n  the  
mo i s tu re c o n te n t  w a s  h i g h eno u g h  to ma i n ta i n a w a te r  f i l m  o n  e a c h  
s e e d  o r  s ta l k s u rf a c e  of  the c rop . Cons t a n t- r a te dryi n g  occu rred  
s i m i l a r to t h a t  of  a n  open  area  of w a te r .  Howev er , s u c h  d ry i n g  w a s  
n o t  n o rmal l y c h a r a c te r i s ti c  of a g r i c u l tura l  d ry i n g  u nle s s  t h e r e  w a s  
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a per i o d  d u r i n g  the  drying  of  a deep  bed  w hen  the  a i r b e c ame s a tu r a ted . 
The  second  c o n c e p t  w a s  fa l l i ng - ra te d ry i n g  wh i c h m o re n e a rly de­
s c r i bed  n o rm a l  ag r i c u l t u r a l  dryi n g  b e c a u s e  i t  fo l l owed the  p a t tern 
of a q u i c k i n i ti a l d e c r e a s e  i n  mo i s tu re co n te n t  f o l l owed  by a 
progre s s i v e l y decre a s i n g  d ry i n g  r a te . F al l i n g - r a te d ry i ng  re s u l ts  
from the  i n ab i l i ty of mo i s tu re to be c o n veyed to the  s u rface  at a 
ra te comparable w i th  th a t  of i ts remo v a l  f rom the  s u rface  of  the  
g r a i n .  A l l en l i s ted  t h e  m any theo r i e s  a t temp t i n g  to e xp l a i n f a l l i n g ­
ra te d ry i n g . O n e  theory was  b a s e d  o n  m o i s tu re be i n g tran s p o r ted  
from the  c e n te r  of a s eed  or  s ta l k to  i ts s u rface  by d i ffu s i o n .  
Ev i d e n ce f rom l a te r s t ud i e s  s u ppo r te d  the  theory o f  d i ff u s i on as  
be i n g the  m a j o r  me a n s  of mo i s tu re moveme n t  w i th i n th e c ro p . 
Du r i n g  the  1 96 0 ' s ,  the  dev e l o pme n t  of  c ro p  d ry i n g  p r i n c i p l e s 
was  c o n t i n ue d  by the  m a thema t i c a l  mo d e l i n g of  the  d ry i n g  p ro ce s s . 
Henderson  a n d  P a b i s ( 1 9 6 1 ) a p p l i e d the fo l l ow i n g  e q u a t i o n  to th i n  
l aye r dryi n g : 
oM/aoe = - k ( M- Me ) ,  
to o b ta i n the  w e l l k nown r e l a t i o n s h i p :  
( M- Me ) / ( Mo- Me ) = ae - k8 , 
where  
M0 = i n i t i a l mo i s tu re c o n te n t ,  perc e n t  ( dry b a s i s )  
Me e q u i l i b r i um mo i s tu re c o n te n t ,  pe rcen t; 
M = mo i s tu re c o n te n t  a f te r  a t i me , percen t; 
( 2 .  1 ) 
( 2 . 2 )  
a = con s tan t ,  d e p e n d e n t  o n  p a r t i c u l ar  s h ape ; 
8 = t i me, h; 
k = dry i n g  con s tan t ,  h - 1 . 
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They a p p l i ed t h e s e  e qu a t i o n s  to the  f a l l i n g- r a te dryi n g  of  th i n  l aye rs 
of corn  at v a rio u s  tempe ra tu re s . The  re s u l ts  s howe d ;  ( 1 )  th a t  d ry i n g  
ra te d e c re a s e d  w i th  t i me s i n c e  t h e  mo i s tu re conte n t  d e c re a s e d  w i th 
t i me a n d , ( 2 )  t h a t  d i f fu s i on was the  d ry i n g  me c h a n i sm. T h i s  
ma thema t i c a l  mode l  w a s  w i de l y u s e d , even  t hough  there  were p ro b l em s 
as s oc i a te d  w i th s o l v i ng th e d i ffe ren t i a l  e q u a t i o n . 
To a l l ev i a te the  d i ff i c u l ty of  s o l v i n g the  d i fferen t i a l  equ a t i on  
wh i c h d e s c r i bed  f a l l i n g - r a te dry i n g ,  Boyce  ( 1 96 5 ) deve l o pe d  a com­
p u ta t i o n a l  proce d u re w h i c h  was u s e f u l  i n  l ab o r a to ry- s c a l e d  e x pe r i me n ts . 
He a p p l i ed th i n  l aye r d ryi n g  concepts a n d  s o l v e d  t h e  many a s s o c i a ted  
e q u a t i o n s  w i th a d i g i ta l  compu te r .  The  r e s u l t s  i n d i c a ted  that  the  
mode l  wou l d re a son ab l y  p re d i c t  g ra i n  mo i s tu re a n d  temp e r a t u re c h anges  
a t  a ny p o i n t  i n  a bed  o f  g ra i n  w he n  compared  to  e x pe r i me n ta l  o b s e rv a ­
ti o n . H e n d e r s o n  a n d  Henderson  ( 1 96 8 )  deve l oped  a s i m i l a r compu te r  
prog ram , t h e  d i f fe r e n c e  be i n g th a t  i t  w a s  d e s i g ned  f o r  a f i e l d s ca l e 
proj e c t .  Thom p s o n  ( 1 9 7 0 ) a l so a p p l i ed th i n  l aye r d ry i n g  c o n c e p ts 
and  u s e d  a d i g i ta l  compu te r to s i mu l a te a n d  o p t i m i z e  g r a i n d ryer  
de s i g n. 
By the  1 9 70 ' s ,  the  p r i n c i p l e s  o f  crop  d ry i n g  h a d  deve l o pe d  
s u c h  t h a t  r e s e a r c h e r s  co u l d s i mu l a te c ro p  d ry i ng  for  a p a r t i cu l a r 
geograph i c  re g i o n .  B l oome a n d  Shove  ( 1 9 7 1 ) s i mu l a te d  g r a i n d ry i n g  
p a t te r n s  i n  I l l i n o i s  b y  exam i n i ng 1 4  ye a r s  of  weather  d a ta . T h e  
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re s u l t s  were  expre s s e d  a s  a f u n c t i on  o f  the  fo l l ow i n g : 
1 .  h a rve s t  d a te ; .  
2 .  h a rv e s t  m o i s tu re con ten t ;  
3 .  a i rf l ow r a te ; 
4 .  h e a t  adde d  in d ry i n g .  
They c o n c l uded  t h a t d ry i ng  t i me was  i nv e rs e l y propo r ti o n a l  to a i rf l ow . 
They s u g g e s ted  u s i ng  a t  l e a s t  0 . 96 m3 /mi n ;m3 of  g r a i n ( 1 . 2  cfm/b u ) 
to d ry a l l d e p t h s  of  s he l l ed c o r n . 
Crop  d ry i ng  p r i n c i p l e s q u an ti f i ed from s i mu l a t i o n  re s u l ts  
were u s e d  by r e s e a r c h e r s  to dev e l o p  man ageme n t  s tr a teg i es for  c rop  
d ry i n g , p a r t i c u l a r l y f o r  l ow- temperature a i r g ra i n  d ry i n g  sys tem s . 
P i erce  and  T homp s o n  ( 1 980 ) i nv e s ti g a te d  the  i n crea s e d  dryi n g  p o te n tia l  
po s s i b l e  w i th l aye r dryi ng  a n d  e xami n e d  me thods  of c o n trol l i ng  over­
dryi n g . T h ey i n c o r po r a te d  four  d i fferen t  th i n  l aye r d ryi n g  equ a tion s  
i n to a s i mula t i o n  mode l  b e c a u s e  o f  opt i mum tempe ra t u re p re d i c t i o n  
r a n g e s  o f  e a c h  equ a t i o n . S pec i f i c s  of a dry i n g  sys tem were def i n e d  
and  c h o s e n  to ope r a te u n d e r  wo rs t ye ar  ( o u t  of  ten ) wea ther  co n d i tio n s  
for L i n c o l n ,  N e b ra s k a . T h e  opera t i o n a l  f a c to r s  they c o n s i dered  were 
a s  fol l ows : 
1 .  amb i e n t  con d i t i o n s ; 
2 .  mo i s tu re c o n ten t o f  the  g ra i n ;  
3 .  the  l oa ding  r a te . 
The  res u l ts i n d i c a te d  th a t  s ome of the  me thods  for con trol l i n g  over­
drying  ( a i rf l ow rev e r s a l  a n d  re cyc l i n g )  decreased  overdryin g  b u t  
o f ten  i mpa i red t h e  d ry i n g  pe rforma n c e  o f  t h e  sys tem . T h ey n o te d ,  
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howe v e r ,  th a t  the  u s e  of  a s t i r r i n g  dev i ce appeare d  to be  benef i c i al 
i n  i mp rov i ng dry i n g  performa nce . 
Dryi n g  w i th  F o rced  U n h e a te d  A i r 
Crop  d ry i n g  i s  a n  e v apora ti on p roce s s  th a t  c a n  be a c h i eved  
by  forc i ng u n h e a te d  a i r t hrough  the  h a rv e s ted  c ro p . T h e  c ro p  i s  
u s u ally placed  i n  a d ry i n g  fac i li ty s u c h  t h a t  an  a d i a b a t i c d ry i n g  
pro ce s s  i s  n e a rly repre s e n te d . The  pro c e s s  proceeds  a t  a co n s ta n t  
we t- b ulb temp e r a tu re a n d  i s  l i m i te d by s a tu r a t i o n  eff i c i e n cy . T h e  
s a tu ra ti o n  e f f i c i e n cy c a n  be  def i n e d  a s  the  r a t i o of the  d i ffe rence  
be tween  i n i t i al a n d  f i n al dry b ulb a i r tempe ra tu r e s  to  the  d i f fere n c e  
be tween  the  i n i t i al a n d  f ully s a tu ra te d  dry b ulb a i r tempe r a tu re s . 
S h e r i dan  ( 1982 ) s ta te d  t h a t  v alues  o f  s a tu ra ti o n  eff i c i e n cy ra nged  
from 0 . 80 to  0 . 85 .  T hes e h i g h  s a tu r a t i o n  eff i c i en c i e s , low i n i t i al 
equ i pme n t  co s t ,  a n d  m i n i mum ene rgy i n p u t  co s t  h a v e  con tr i b u ted  to 
the po pula r i ty o f  u n h e a te d  a i r c ro p  dryi n g  sys tems amo n g  f a rmers . 
P e rform a n c e  a n d  m a n a gemen t  p r a c t i c e s  of the s e  dryi n g  sys tems h av e  
been  e v alu a ted  b y  rese arc h e r s. 
The  r a te of  d ry i n g  w i th forced u n h e a ted  a i r i s  affec ted by 
crop  c h a r a c te r i s ti c s ,  a i r con d i t i o n s , and  a i rflow r a te . S i n ce a i r­
flow r a te c a n  be  m o s t read i ly v a r i e d ,  many re s e a r c he r s  h ave  co n d u c ted  
s tu d i e s  w h i c h  concen t r a ted  o n  the  effec ts of a i rf l ow r a te .  S ho v e  
( 1981 ) colle c ted  d a ta f o r  l ow- tempe r a tu re ( u n h e a te d  a i r )  g ra i n dry i n g  
b i n s  loc a te d  i n  I ll i n o i s .  H e  v e r i f i ed the  recomme n d a t i o n s  of  the  
I ll i no i s  F a rm Ele c tr i f i c a t i o n  Cou n c i l  who s ugge s te d  a n  a i rflow r a te 
of 1. 6 to 2 . 4  m3 /mi n /m3 of  g ra i n  ( 2  to 3 cfm/b u ) fo r ap pl i c a ti o n s  w i th 
no s u p p l eme n ta l  he a t .  He n o te d  t hat  the  dry i n g  g r a i n  depth  was  
l i m i te d  to  abo u t  4 . 9  m ( 1 6 f t )  a t  w h i c h  po i n t the  s ta t i c p re s s u re 
requ i re d  for  d ry i n g  b e c ame l a rge . He a l so n o te d  th a t  e nergy w a s  
mo re e ff i c i e n tl y  u s e d  i f  a p p l i ed t o  t h e  p ro c e s s  o f  s u�pl y i n g  a i r 
ra ther  than  to i n c r e a s e  the  a i r tempe r a tu re . 
Morey e t  a l . ( 1 98 1 ) i nv e s t i g a te d  the  performa n c e  of amb i en t  
( un h e ate d ) a i r  w h e a t  dry i n g  sys tems w h i c h  o p e r a te d  u n d e r  M i nnes o ta 
weather  co n d i t i o n s . T h ey s u b s t i tu te d a regres s i o n an a l ys i s of 
we a t h e r  d a ta i n to a ma them a t i c a l  dryi n g  model a n d  o b s e rv ed mo i s tu re 
co n te n t  c h a n g e s  d u r i n g  d ry i n g .  Two fan  man ageme n t  s tr a teg i e s were  
e v a l u a te d  f o r  e n e r gy i n p u t  i n to th e sys tem . T h e  f i r s t  s c heme w a s  
t o  opera te t h e  fan  con t i n u o u s l y u n t i l the  f i n a l  mo i s tu re g o a l  w a s  
re ache d , o r  u n ti l November 1 .  T h e  second  s c heme w a s  to o pe r a te the  
fan  c o n t i n uo u s l y  u n t i l the  m o i s tu re co n te n t  of  the  g ra i n  ( i n  the  
to p of the  b i n )  dropped be l ow 16  perce n t  ( w e t  b a s i s ) .  Then  the  fan  
was  opera ted by a hum i d i s ta t  w h i c h  c a u s e d  t h e  fan  to run  o n l y w hen  
the  amb i e n t  r e l a t i v e  hum i d i ty was  be l ow a s p e c i f i ed l ev e l  ( u s u a l l y  
5 0  to 60  percen t ) . T h ey c o n c l uded  th a t  con t i n u o u s  fan  o pe r a t i on  
l e d to  h i g h e r  e n e r gy i n p u t  for  d ry i ng  than  hum i d i s ta t  con tro l l e d 
dryi n g . 
Al l re s e a rc hers  o f  forced  u n he a ted  a i r d rye r s  h av e  n o t  con ­
c l uded  th a t  u n h e a te d  a i r d ry i n g  produced  a c c e p tab l e re s u l ts , 
e s pe c i a l l y  i n  h um i d re g i on s . Horner  e t  a l . ( 1 9 8 1 ) s ta te d  t h a t  be­
cause  of  re l a t i v e  hum i d i ty and  tempe ra tu re ,  m i c rof l o ra g row th a n d  
reprod u c ti o n  w h i c h  o c c u rre d when  u s i ng l ow- tempe ra tu re d ry i ng w a s  
a c r i t i c a l  p rob l em i n  s o u the a s te rn s ta te s . 
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B u n n  e t  a l . ( 1 981 ) pred i c te d  a n d  o b s e rv e d  p ro b l ems a s s o c i a te d  
w i th t h e  u s e  of  u n h e a ted  a i r d ryers  when  they c a l c u l a te d  t h e  
fe a s i b i l i ty of  dry i n g  c o r n  w i th amb i en t  a i r .  The  s tudy c o n s i s te d  
of a s i m u l a t i o n  a n a l ys i s w h i c h  c a l c u l a te d  a d i a b a t i c d ry i n g  po te n t i a l s 
from S o u t h  C a r o l i n a w e a t h e r  d a ta . F rom t h e s e  d ryi n g  po tenti a l s ,  
theore t i c a l  a i r f l ow r a te s  were. compu ted  t h a t  wo u l d h a v e  been  re­
qu i red  to dry corn  f rom 2 2  to  12  perc e n t  m o i s tu re c o n te n t  (wet ba s i s ) .  
They found  th a t  for  mo s t  d ry i n g  p o te n t i a l s corn  co u l d n o t  be 
dr i e d to 12  perce n t  mo i s tu re c o n te n t  (wet-b a s i s )  b e c a u s e  o f  a 
l i m i t i ng  e q u i l i b r i um mo i s tu re c o n ten t of  1 4  to 1 5  perc e n t  ( we t- b a s i s ) . 
Dry i n g  w i t h  F o rced  H e a ted  A i r 
Many a d v a n tages  are  rea l i zed  when  c ro p s  are d r i e d  w i th forced  
h e a ted  a i r .  T h e  maj o r  adv an tage i s  th a t  the  c ro p  can  be  d r i e d  to 
a l ower  e q u i l i b r i um mo i s tu re c o n t e n t  than  when  u n h e a te d  a i r i s  u s e d . 
Th i s  mea n s  th a t  the  c ro p  c a n  be  dr i e d  to s afer  s to rage  mo i s tu re l ev e l s 
the reby redu c i ng the  c h an c e  for  s p o i l age . Acce l e r a t i o n  o f  evapora­
t i o n  r a te a n d  d ry i ng  d u r i n g  i n c l eme n t  weather  a n d  n i g h t  ho u r s  are  
o th e r  adv a n tages  w h i c h  r e s u l t f rom the  i nc re a s e d  a d i a b a t i c d ry i n g  
p o ten t i a l  of  h e a te d  a i r .  D ryi n g  a i r  i s  typ i c a l l y  h e a te d  e i ther  by 
e l e c tr i c a l  res i s ta n c e  h e a t  o r  by LPG  h e a te r s . R e s e a r c h e r s  h a v e  
i n v e s t i g a te d  a n d  made  s u g g e s t i o n s  re l a ted  to the  e n e rgy req u i remen ts 
of the s e  conv e n t i o n a l  s o u r c e s  of s u pp l emen ta l  hea t .  
M c F a te ( 1 963 ) s tu d i e d  e l e c t r i c a l  r e s i s tance  h e a te r s  a n d  s u g ge s ted  
th a t  the  h e a te r s  be  con tro l l e d by  a hum i d i s ta t  w h i c h  w o u l d l e ave  the  
he a te r s  off  d u r i ng  good  dryi n g  weather  a n d  tu rn  them o n  when  the  
humi d i ty o f  the  d ry i ng a i r  was  above  5 5  percen t .  H e  found  th a t  the  
annua l  f i xed  c o s t for e l e c t r i c drye rs  was  h i g h e r  than  o th e r  typ e s  
o f  h e a te r s  b e c a u s e  of  a g r e a te r  i n i t i a l  i n v e s tmen t i n  the  dr i e r and  
heav i e r w i r i ng .  To reduce  the  a n n u a l  f i xed  co s t ,  he  s ug ge s te d  t h a t  
t h e  dry i ng  h e a te r s  be  u s ed f o r  o th e r  p u rpo s e s  s u c h  a s  fo r s u p p l e ­
men ta l  h e a t  f o r  c o n f i n e d  sw i ne o r  pou l try rea r i n g  hou s e s . 
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Kran z l e r  e t  a l . ( 1 980 ) i nv e s ti g a ted  t h e  v a r i a b l e c o s t  r e l a ted  
to  the  ene rgy requ i remen ts of  e l e c tr i c a l  re s i s ta n c e  h e a te r s  w h i c h 
were  i n s ta l l ed o n  d ry i n g  b i n s .  T h ey s tu d i e d  d a ta o b t a i ned  du r i ng  
s evera l  d ry i ng  s e a s o n s  i n  the  m i d- 1 9 7 0 ' s .  They fo u n d  that  for 44  
d ays i n  1 9 74 ,  w he n  d ry i n g  s he l l ed corn  from 2 0  to  14  perc e n t  mo i s tu re 
co n te n t  (we t  b a s i s ) ,  the  e l e c t r i c a l  ene rgy c o s t  for  d rying  w a s  
0 . 5 9 c e n ts / k g  (0 . 2 7 c e n t s / l b )  of  d ry matte r  ( ba sed  on  e l e c tr i c a l  
ene rgy co s t  of  0 . 89 c e n t s /MJ (3 . 2  c e n ts / kWh ) ) .  F o r  1 9 7 6 , t h ey 
c a l c u l a te d  th a t  3 3  d ays  of  dry i ng  s he l l e d corn  f rom 2 3  to 1 3  
pe rce n t  mo i s tu re c o n te n t  (we t  b a s i s )  the e l e c t r i c a l  en e rgy c o s t fo r 
dry i ng w a s  0 . 3 2 c e n t s / k g  (0 . 1 5 c e n t s / l b )  of  d ry m a t te r  (0 . 89 c e n ts /MJ 
(3 . 2  c e n ts / kWh ) ) .  T h ey c o n c l uded  t hat  o th e r  forms  o f  s u p p l emen ta l  
he a t  wou l d be  mo re d e s i r a b l e i n  te rms  of cos t .  
Loewer  e t  a l . ( 1 9 73 ) repo r ted  t h a t  e l e c tr i c re s i s tance  h e a t  
dry i ng  o f  c ro p s  c o s t  a p p ro x i m a te l y  tw i ce t h a t  of  LPG dryi n g . They 
s u g ge s te d  th a t  LPG h e a t  be  u s e d  for  dryi ng and  th a t  the  s i z e o f  t h e  
h e a te r  be  c a l c u l a te d  a s  fo l l ow s : 
J /m i n = 4 x tempe r a tu re r i s e  ( C )  x m3 /m i n  of  fan  
( B tu /h  = 1 . 1  x tempe r a tu re r i s e  (F ) x c fm o f  fan ) 
(2 . 4 )  
They f u r th e r  s u g ge s ted  th a t  the  temperature r i s e t h r o u g h  the  fan  
and  h e a te r  be no  more than  4 ° C ( 7 ° F ) and  that  h i g h o u tp u t  b u rn e r s  
be con trol l ed w i th a t i me c l o c k  t o  au toma t i c a l l y  tu rn  t h e  b u rn e r  
on and  o f f  t o  p re v e n t  overdry i ng . 
S i n c e  t h e  u s e  o f  he a te d  a i r  wo u l d po s s i b l y  o v e rdry c rops , 
Men z i e s a n d  O'C a l l ag ha n  ( 1 9 7 1 ) s tu d i ed  the  effe c t  o f  tempe r a tu re 
on  the  dry i n g  ra te o f  g r as s .  T h ey me a s u re d  the  c h an g e s  i n  we i g h t  
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o f  a th i n  l aye r w h i c h w a s  dr i e d u n de r  l ab o r a to ry c o n d i t i o n s . To 
q uan ti fy t h e  effec t of  tempe r a tu re , dryi ng  a i r temp e r a tu re s  were  
v ar i ed  i n  th e range  of  2 0  to  4 1 0 ° C ( 68 to  7 7 0 ° F ) . T h e  re s u l ts  i n­
d i c a te d  t h a t  the  d ry i n g  e q u a ti on  v a r i e d  w i th a i r tempe r a tu re a n d  
th a t  d ry i n g  too k  p l ace  e n t i re l y  w i th i n  the  con s tan t r a te pe r i od for  
tempera tu re s  above  2 04 ° C  ( 40 0 ° F ) .  For  tempe r a tu re s  be l ow 2 04 ° C 
( 40 0 ° F ) ,  the  d ry i n g  r a te w a s  found  to be  p roport i o n a l  to mo i s tu re 
con ten t .  T h ey n o te d  t h a t for  tempera tures  be l ow 82 ° C  ( 1 80 ° F ) , th ree 
fa l l i n g ra te d ry i n g  pe r i o d s  e x i s te d . T h e  c o n s ta n ts i n  the s e  th ree 
d i fferen t eq u a t i o n s  were c o r re l a te d  w i th e xpe r i me n ta l  v a r i a b l e s  s u c h  
th a t  they c o u l d be  u se d  to pred i c t  d i ffe r i n g  d ry i n g  z o n e s  w h i c h 
e x i s te d  i n  the c ro p s  a s  a re s u l t of  v a ry i n g  tempe r a t u re s . 
M i dw e s t P l a n  S e rv i ce ( 1 980a ) n o ted  how dryi n g  o c c u rred  i n  
a g ra i n b i n by exami n i n g  the  d i ffe re n t  d ry i n g  r a te s  o f  three  maj or  
l ayers . These  th ree h o r i z o n ta l  l aye rs , w h i c h  w e re formed a f te r  dry i n g  
had  commenced , co n s i s te d  o f  a l aye r of  d ry g ra i n  a t  the  b� t tom o f  
t h e  b i n ,  a pr i mary d ry i n g  zone  abo u t  0 . 3  t o  0 . 6  m ( 1  t o  2 f t )  i n  
depth , a n d  a l ayer o f  w e t  g r a i n a t  the  top o f  the  b i n .  T h e  ra te 
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a t  w h i c h  the  d ry i n g  zone  a d v a n ced  u p  thro u g h  the  g ra i n  w a s  l ar g e l y 
de term i ned  by a i rf l ow and  th e dry i ng  p o ten ti a l  o f  the  a i r .  The  c h ance  
for s po i l a g e  o f  the  we t g ra i n a t  the  to p w a s  i n c r e a s e d  a s  the  t i me 
req u i red for  the  d ry i ng  zone  to re ach  the  top o f  the  b i n  w a s  i n c re as e d . 
Howe ve r ,  f a s te r  dry i ng  rates  tended  to overdry the.d ry l ayer  a t  the  
b o t tom of  the  b i n .  
S hove  a n d  Wh i te (19 7 7 ) exam i ned the  effect  of  tempe r a t u re 
on corn  dry i ng . · The i r  s tu dy revea l e d  t h a t  tempe r a t u re affec ts k erne l 
s tre s s , w i th  the  u se of  l ower  temperatures  yi e l d i n g  a l ow e r  perce n tage 
of kerne l s w i th s tre s s  c r a c k s .  S tre s s  c r a c k s  were  con s i dered  un­
de s i rab l e b e c a u s e  the  k e rn e l  was  s u s ce p t i b l e to  b re a k a g e  w h i c h  
re duced  t h e  q u a l i ty of  the  c ro p . 
I I .  SO LAR EN ERGY  AP P L I E D TO CROP  DR I ERS  
S i mu l a te d  S o l a r  A i r H e a te r  S tud i e s 
F l a t- p l a te ( a ny non- concen tra ti ng type ) s o l a r  a i r h e a te r s  
co u l d feas i b l y  s u p p l y a s u b s ta n t i a l  amou n t  of  l ow- temperatu re 
s u p p l eme n ta l  h e a t  to reduce  the  amo u n t  of  g a s  and  e l e c tr i c a l r e s i s ­
tance  h e a t  re qu i re d  f o r  the  c ro p  d ryi n g  p roces s .  D uff i e and  B e c kman 
( 1 9 7 4 ) s ta te d  th a t  the s e  h e a te r s  had the  adv a n ta g e s  of ; ( 1 ) u s i n g  
b o t h  d i rec t and  d i ff u s e  s o l a r  rad i a tio n ,  ( 2 ) n o t  r e qu i r i ng  
or i e n t a ti o n  tow a rd the  s u n , a nd  ( 3 )  need i n g  l i ttl e ma i n te n an ce . 
They s ta te d  t h a t  the  f l a t  p l a te a i r h e a te r  i s  a s i mp l e ,  l ow-co s t  
s o l a r  co l l ec tion sys tem w h i c h  i s  i de a l l y  s u i te d  f o r  a g r i c u l tura l  
crop  dry i n g  a p p l i c a t i o n s . To keep  the  i nv e s tmen t i n  the  h e a te r  l ow ,  
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the  c o n s truc t i o n  u s u a l l y  c o n s i s ts of a rad i a ti o n - a b s o rb i ng  p l a te 
b u i l t  u n d e r  a tran s p a r e n t  co v e r .  T he  a b s o rbed h e a t  i s  then  removed  
from the  p l a te by  prov i s i o n s  w h i c h  a l l ow c i r c u l a t i o n  of a i r th ro u g h  
t h e  sys tem . Many re s e a r c h e r s  h a v e  s i m u l a te d  t h e  pe rformance  o f  these  
he a te r s  o p e r a te d  under  a v ar i e ty o f  c o nd i t i o n s . 
W h i l l i e r  ( 19 7 7 ) s ta ted  t h a t  u nder  s teady- s t a te c o n d i t i o n s , 
the  n e t  r a te o f  u s e f u l  h e a t  co l l e c t i o n  was  the  d i fference  b e tween  
the  amo u n t  o f  s o l a r  e n e rgy a b s o rbed  i n s i de the h e a te r  a n d  the  o u tw a rd 
h e a t  l o s s .  H e  l i s te d  t h e  f a c tors  w h i c h  affe c te d  the  absorbed  e n e rgy 
a n d  therm a l  l o s se s  a s  fo l l ow s: 
1 .  
2 .  
3. 
4 .  
5 .  
6 .  
i n s o l a t i o n  r a te o n  co 11 e c to r ;  
a n g l e o f  i n c i dence  of  SUD rays ; 
tra nsm i ttance  p rope r t i e s  of cov e r ; 
l o s s e s  d u e  to d i r t  o n  cover ; 
l o s s e s  d u e  to s h a d i ng  of  a b s o rber  p 1 a te ; 
a v e rage  tem p e r a tu re of  ab s o rber  p l a te ;  
a .  a i r f l ow r a te t h ro u g h  co l l e c to r ; 
b .  s p e c i f i c he a t  of  a i r ;  
c .  tempe ra t u re o f  en te r i ng a i r ;  
d .  h e a t  tra n s fe r  coeff i c i e n t s  b e tween  a i r a n d  ab sorber  
p 1 a te ;  
e .  effec ti v e  f i n eff i c i e n cy of a b s orbe r p l a te ;  
7 .  emis s i v i ty of  a b s o rb e r  p l ate ; 
8 .  amb i e n t  con d i ti o n s; 
a .  a i r  tem pe r a ture ; 
b .  effe c t i v e  s ky tempe ra ture ; 
c .  w i n d s peed ; 
9 .  n umber  o f  c o v e r  p l a te s  and  the i r  s p a c i n g ; 
10 . m a te r i a l  o f  cove r ( s )  ( l o s s es f rom transm i ttance  of  
l on g-wave  r a d i a t i o n ) ;  
11 . r ear  and  edge  i n s u l a t i o n ;  
1 2 . t i g h tn e s s  of con s tr u c t i on  ( l o s s e s  f rom i n f i l tra ti o n  
of amb i e n t  a i r ) . 
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W h i l l i er reporte d  t h a t  the s e  f a c to rs cou l d b e  e v a l u a ted by co n s i de r i n g  
t h e  he a te r  t o  o p e r a te u n d e r  s teady- s ta te c o n d i t i o n s . A l t hough  a c tu a l  
s te a dy-con d i t i o n s  d i d n o t  o c c u r  i n  s o l ar  a i r h e a te r s , he  s ta te d  th a t  
c a l c u l a t i o n s  c o u l d be  performed on  a n  ho u r - by- h o u r  b as i s ,  a s s um i n g  
s te a dy- s ta te f o r  e a c h  ho u r .  
P a r k e r  ( 1 980 ) a s s umed s te ady-s t a te perfo rma n c e  w hen  h e  deve l oped  
a ma thema t i c a l  re l a t i o n s h i p for  compu t i n g  s o l a r  a i r h e a te r  e ff i c i e ncy 
and  o u tp u t  tempe ra ture . T h e  re l a t i o n s h i p ,  w h i c h  w a s  b a s e d  u po n  the  
wo r k  o f  o thers  ( i n c l ud i n g Wh i l l i er ,  1 9 7 7 ) , w a s  used  to  compu te the  
co l l e c to r  eff i c i e n cy f a c to r  for  a s o l a r  a i r h e a te r  w i th f l ow on  b o th 
s i de s  of  the a b s o r be r . T h e  co l l e c to r  effi c i e n cy f a c to r  w a s  def i n e d  
a s  fo l l ow s : 
( 2 .  5 )  
where  
F'  = co l l e c to r  eff i c i e n cy f a c to r; 
Ou = u s e f u l  ene rgy co l l e c ted  ( W /m2 ) ( B tu / h- f t2 ) ; 
( Ta ) e = effec ti ve  transm i s s i v i ty- a b s o r p t i v i ty p ro d u c t; 
I i n ciden t s o l a r  radi a t i on on the  c o l l e c to r  cover  ( W /m2 ) 
B tu / h r- f t2 ) ;  
U 1 = co l l e c to r  l o s s  coeffi c i en t  ( W;m2 - ° C )  ( B tu / h - f t
2 - ° F ) ; 
Tf l o c a l  o r  a v e r age  a i r tempe ra ture  i n  the  c o l l e c to r  ( ° C )  
(OF ) ; 
Ta = ambien t a i r temperatu re ( ° C )  ( ° F ) . 
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For  the  a s s ump tion s; (1 ) e q u a l  air f l ow above  a n d  be l ow the  a b sorber  
p l a te ,  ( 2 ) e q u a l  s u rf a c e  conduc tance  b e tween  the  ab sorber  a n d  a i r f l ow 
on top and  b o t tom of t h e  ab sorbe r ,  and  ( 3 )  e q u a l  s u rface  conduc tance  
be tween  a i r f l ow ,  cove r ,  and  b ac k ,  the  e ffic i e n cy fa c to r  e q u a l e d  
t h e  fo l l owin g : 
where  
F' = D / ( 2 h 1 hzP + 2 hzUbU t + h r 2 1 ( h 1 + Hrz3 ) ( P  + 2 hz ) 
+ U b ( 2 hz + U t ) + h 1 h rz3 ) + h rz3 ( h 1 ( P  + 2 hz ) 
o = ( 2 h 1 hzP + 2 hzUbU t + h rz1 ( Q ( h 1 + h r23  + Ub ) 
+ h 1 h rz3 ) + h rz3 Q ( h 1 + U t ) ) ;  
P = h 1 + ub + U t ; 
Q = h 1 + 2 hz ; 
( 2 . 6 )  
h 1 = conv e c tive  h e a t  transm i s s i o n coefficie n t  b e tween  air 
f l ow a n d  c o v e r  ( W/m2 - ° C )  ( B tu / h - f t2 - ° F ) ; 
hz = conv e c t i v e  h e a t  tr a n sm i s s i o n coefficie n t  be tween  air 
f l ow a n d  a b s orber  p l a te ( W ;m2- ° C ) ( B tu / h - f t2 - ° F ) ; 
Ub = h e a t  transm i s sion coeffi cie n t  f rom s u rface  b e l ow 
a b s o rb e r  to amb i en t  ai r under  co l l e c to r  ( W/m2 - ° C )  
( B tu / h - f t2 - ° F ) ; 
U t = co l l e c to r  l o s s  coeffi c i e n t ,  me a s u re d  f rom a i r f l ow 
( W /m2 - ° C )  ( B tu / h - f t2 - ° F ) ; 
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hr2 1 = l i ne a r i z e d  r a d i a n t  h e a t  exc h ange r coeff i c i en t  b e twee n 
a b s o rb e r  p l a te a n d  cover  ( no t  i n c l u d i n g  exch a n ge w i th  
s ky i f  c o v e r  w a s  tran s p a ren t to  s ome therm a l  rad i a t i on ) 
( W/m2 - ° C )  ( B�u /h - f t2 - ° F ) ; 
h r23  = l i ne a r i z e d  r ad i a n t  h e a t  e x c h a n g e r  coeff i c i en t  be tween 
a b s o rber  and s u rface  be l ow a b so rb e r  ( W /m2 -oc )  
( B tu / h - f t2 - ° F ) . 
P a r k e r  n o te d  t h a t  t h e  u s e  of  t hese  der i ved  e qu a t i o n s  wou l d be l i m i ted  
by  the  des i g n e r  s e l e c t i on  of  the  t herm a l  pa rame ter s  w h i c h c o u l d re s tr i c t  
the  re s u l t s  a c c o r d i n g l y .  Howe v e r ,  these  equ a t i o n s  w o u l d m a k e  i t  
po s s i b l e to pre d i c t  t h e  o u t l e t  temperature and  eff i c i e n cy for the  
spec i f i c  c o n d i t i o n s  u s e d . He f u r th e r  s ta ted t h a t  the  key f a c to r  
. i n  t h e  des i g n of  s o l a r  a i r  h e a te r s  wou l d be  t h e  s u rface  conduc tance  
b e tween the  a b so rb e r  and  a i r f l ow .  
P i erce  and  Thompson  ( 1 9 7 6 ) deve l o pe d a l ow- tempera ture , l ow 
a i r f l ow d ry i n g  mo de l  w h i c h  they u sed  to determi ne  the  effe c t  of 
s u p p l eme n ta l  s o l ar  h e a t  on m i n i mum a i r f l ow r a te req u i red  fo r g ra i n  
dryi ng . They i n co rpo r a ted  h i s tor i c a l  weather  data  fo r a t  l e a s t  1 0  
ye a r s  f rom the  ye a r l y d a ta o b ta i ned  i n  e a c h  of  1 2  N o r t h  Centra l  Reg i on 
s ta te s . A typ i c a l  s i m u l a t i on run  s h owed th a t  1 . 6 m3 /m i n /m3 ( 2  cfm/bu ) 
was  requ i re d  to d ry a l l of  the g ra i n  i n  a b i n  to l e s s  than  1 5  percen t 
mo i s tu re c o n t e n t  ( w e t  b a s i s )  i n  a s i x  week  per i od  wi th a d ry ma tte r  
decompo s i t i on o f  l e s s  t h an one - h a l f o f  1 perc e n t  o f  the  to ta l . Their  
s tu dy rev e a l e d  th a t  fo r a g i ve n  l o c a t i on , there  w e re a l mo s t  a l ways 
one or  two ye a r s  o u t  of the te n th a t  needed  more a i r f l ow due to 
an u n s e a s o n a b l y w a rmer  tempera tu re du r i n g  i n i t i a l d ry i n g  pe r i o d s . 
They found  tha t  t h e  h i g h  hum i d i ty re g i o n s  requ i red a g re a te r a i r 
f l ow r a te t han  the  coo l e r  d rye r reg i on s . T hey f u r th e r  s ta te d  th a t  
genera l l y  t h e  m i n i mum a i r f l ow r a te was  n o t  reduced  by add i n g  more 
th an  the  1 . 1 ° C ( 2 ° F )  temperatu re r i s e f rom the  fan  m o to r .  
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Mo rey e t  a l . ( 1 9 7 9 ) v a l i d a ted  the  model  dev e l oped  by P i erce  
a n d  T homps o n  w i th  d a ta f rom f i e l d dryi ng  r e s u l ts  o f  two b i n s . U s i n g 
th i s  mode l , t h ey e v a l u a ted  the  therma l  and  econom i c fea s i b i l i ty of  
s o l a r  energy g ra i n d ry i n g .  T h ey app l i ed weather  d a ta f rom 
M i n n e s o ta , I ow a ,  a n d  I n d i a n a  to the  s i mu l a t i on  o f  mo i s tu re con ten t 
c h a n g e s  a n d  g r a i n q u a l i ty d e te r i o r a t i on . M i n i mum a i r f l ow r a te s  
and  e nergy req u i reme n ts w e r e  then  dete rm i n e d . T h e  econom i c fe a s i b i l i ty 
w a s  d e te rm i n e d  o n  the  b a s i s of  the  fo l l ow i n g  f a c to r s : 
1 .  c o l l e c to r  a r e a  w a s  c a l c u l a ted  by a s s um i n g  a 40  perce n t  
h e a te r  e f f i c i e n cy ;  
2 .  n o  a dd i t i o n a l  e nergy w a s  requ i re d  to move  a i r th rou g h  
the h e a te r  a s  compared  to amb i e n t  dry i n g ; 
3 .  the  h e a te r  h a d  a u s e f u l  l i fe  of  1 0  ye a r s ; 
4 .  c a p i ta l  rec o v e ry fa c to r  w a s  ba sed  o n  a 1 0  perc e n t 
i n te re s t r a te ; 
5 .  a n n u a l  m a i n te n a n c e  a n d  repa i r c o s t  w a s  3 . 7  percen t of 
the i n i ti a l cos t .  
T h ey c o n c l u ded  f rom the i r a n a l ys i s  t h a t  the  u s e  of  s o l ar  h e a t  
g e n e ra l l y  reduced  the  m i n i mum re q u i red a i r  flow ra te by 1 0  to 1 5  
percent  a s  comp ared  to amb i e n t  a i r  d ry i ng . F i n a l l y ,  t hey s ta ted  
th a t  s o l a r  h e a t  fo r l ow tempe r a tu re dry i ng  d i d n o t  appear  to be 
econom i c a l l y  fea s i b l e  i n  mos t c a s e s  a t  the  g i v en t i me . Howe v e r ,  
the  econom i c a n alys i s  s howe d  th a t  cond i t i o n s  w e re mo s t  favorable 
for s o l a r  d ry i ng  w i th i n i t i a l mo i s tu re contents  i n  the range f rom 
20 to 22 perce n t  ( w e t  b a s i s ) .  
Exper i me n t a l  S o l a r  A i r H e a te r  S tud i e s 
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So l a r  c ro p  dryi ng  h a s  b e e n  emp i r i c a l ly e v a l u a te d  b y  s ev e r a l  
re s e a r c h e r s  t o  g a i n a b e t te r  unde rs tan d i ng and  more r e l i ab l e re s u l ts 
as comp ared  to s i mu l a t i o n . T h e s e  expe r i me n t s  c o u l d be  exam i ned  by 
co n s i de r i ng  the fo l l ow i n g th ree c a tego r i e s  of  f l a t- pl a te type s o l a r  
a i r heate r s : w r a p - a r o u n d  co l l e c to rs , portable c o l l e c to r s , a n d  
co l le c to r s  i n c o r po ra te d  i n to t h e  roofs a n d  w a l l s  o f  f a rm s tr u c tu re s . 
R e searchers  h a v e  repo r te d  de s i g n s  and  h ave  e v a l u a te d  perform a n c e s  
of t h e  heaters  i n  dryi n g  s i tu a t i o n s . 
Mor r i s o n  and  S hove  ( 1 97 5 ) i nv e s t i g a ted  the  app l i c a t i o n  of  
s o l a r  crop  d ry i n g  i n  I l l i n o i s and  have  re porte d  on  a c o l l e c to r  
i n s ta l l ed on  t h e  o u te r  c i rcumfe ren c e  of  a g ra i n b i n .  T h i s d e s i g n 
ha s  been  referred  to a s  a wrap- a round  c o l l e c to r .  T h e  s o u t hern  two­
th i rd s  of  a 5 . 5- m ( 1 8- f t )  d i ame te r  b i n was  p a i n te d  f l a t  b l a c k  and  
then  f i t te d  w i th curved  wooden  membe r s  mo u n te d  to  s u pport  a cle a r  
f i berg l a s s  cov e r . Amb i e n t  a i r was  con ti nuo u s l y p u l l ed t h r o u g h  the  
col l e c to r  v i a  a 7 . 6  em ( 3  i n )  a i r  s p ace  b e tween  the  b i n  w a l l and  
cov e r . They s ta te d  th a t  the  c o l l e c tor  may have been  e conom i c a l l y  
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feas i b l e  w he n  re l a t i v e l y i n expen s i v e m a te r i a l s were u t i l i z ed . T h ree 
to s i x  ye a r s  were  requ i red  for p ayback  of the  i n v e s tmen t .  
P eterson  a n d  He l l i c k s o n  ( 1 9 7 5 ) con s truc te d a l ow - c o s t  wrap­
around  c o l l e c to r  w h i c h c o n t a i ned  a s u s pended  a b s o rb e r  p l a te . A i r 
cou l d f l ow through  the  co l l e c to r  v i a  a 7 . 6  em ( 3  i n )  a i r s p ace  b e tween  
the p l a te a n d  t h e  b i n w a l l and  a 7 . 6  em (3  i n )  a i r  space  be tween  
the  p l a te and  the  c l e a r  p l a s t i c cov e r . They c a l c u l a te d  that  the  
co l l e c to r  s u p p l i ed 3 4  perce n t  of  the  tota l  e n e rgy f o r  dryi n g , res u l ti ng  
in a n  e n ergy s av i n g s  o f  5 . 0  M J /m3 ( 0 . 05 kWh/bu ) p e r  percen tage po i n t  
of mo i s tu re remo v e d  a s  compare d  to conv e n t i o n a l  dryi n g . Of p a r t i c u l ar  
i n te re s t ,  t h ey n o ted  a n e g a t i v e  heat  c o l l e c t i o n  by  the  c o l l e c to r  
from 1800 h o u r s  t o  0200  hours . T h i s phenomen a  w a s  more pronounced  
i n  c l e a r  weather  t han  i n  c l oudy we a th e r  w h i c h i n d i c a te d  t hat  t he  
l o s s  m ay have  been  d u e  to rad i a n t  coo l i n g cau sed  by  a l ow effec t i v e  
s ky tempe r a tu re . 
M i dwe s t  P l a n  Serv i ce ( 1 980b ) s umma r i zed  the  l a te s t  methods  
and  prac t i c e s  concern i ng the  co n s truct i on  a n d  e v a l u a t i o n  of  wrap­
around  co l l e c to r s . I n  the  con s tru c t i o n  of the  c o l l e c to r ,  they s u g ge s ­
te d t h a t  t h e  sou thern  two- th i rds  of  t h e  b i n w a l l b e  u t i l i z ed  a s  the  
ab s o rber  p l a te w i th  t h e  a i r s p ace  be tween  the  w a l l a n d  the  cov e r  
s p aced  s u c h  t h a t  t h e  a i r v e l o c i ty was  ma i n ta i n e d  b e tween  2 . 5  a n d  
5 . 1 m / s  ( 5 00  a n d  1000 f t�i n ) . I n  the e v a l u a t i o n  of  the  co l l e c to r ,  
they n o ted th a t  fo r e n e rgy c a l c u l a t i on s ,  t h e  c o l l e c to r  s ho u l d be 
a s s umed to be  a v e r t i c a l , s o u t h - fa c i n g w a l l w i th a n  effe c t i v e  
c o l l e c t i on  area  e q u a l  to t h e  b i n d i ame te r t i me s  the  c o l l e c to r  
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h e i g h t .  Opera ti on  w o u l d be  ma i n ta i ned a t  an  average  a l l - d ay eff i c i e n cy 
of  7 0  perc e n t .  T h ey n o ted  t h a t  th i s  type o f  c o l l e c tor  h a d  a 
re l a ti v e l y l ow c o s t ,  too k u p  v e ry l i tt l e s p ace , a n d  h a d  no  l on g  
d u c t s . Howe v e r , the  c o l l e c tor  was  n o t  rea d i l y  adap tab l e f o r  mu l -
ti p l e u s e s . Co l l e c to r s  on  l arge  b i n s p rov i ded l es s  e n e rgy per  vo l ume 
of  g ra i n  t han  c o l l e c to r s  on sma l l b i n s s i n c e  as the d i ame te r of  a 
b i n i n c re a s e d ,  i ts v o l ume i n creased  f a s te r  t han  i ts s u rface  area . 
B a k e r  a n d  Shove  ( 1 9 7 7 ) i n v e s t i g a ted  the  u s e  o f  c o v e re d  p l a te 
co l l e c tors  w h i c h  co u l d be  p l aced  o n  s k i d s fo r portab i l i ty a n d  po s s i b l e  
mu l t i p l e u s e . One  c o n f i g u r a t i on  con s i s ted  of  a 3 . 7  x 7 . 3  m ( 1 2 x 2 4 f t )  
c o l l e c to r  s u rface  o r i e n ted  a t  a s l ope  o f  6 0 - degrees  f rom hor i zon ta l  
( de s i g ned  f o r  o p e r a t i o n  a t  I l l i no i s l a ti tu des ) .  H e a t  w a s  remo ved  
from the  c o l l e c tor  by a i r w h i c h  e n te re d  the  to p a n d  moved  down 
thro u g h  an  a i r c hamb e r  w i th a depth  of  8 . 9  em ( 3 . 5  i n )  t h a t  w a s  
c r e a te d  by u s i n g  5 . 1  x 1 0 . 2  em ( 2  x 4 i n )  wood members  t o  s u p po r t  
the c l e a r , corru g a te d  f i berg l a s s . Wi th  a n  a i rf l ow of  4 . 5 6 m3 /m i n  
per  s q u a re me te r o f  c o l l e c to r  s u rface  ( 1 5 cfm / f t2 ) ,  the  co l l e c to r  
operated  w i th a n  eff i c i e n cy of 7 0  perc e n t  w h i c h  d e l i v e re d  appro x i ­
ma te l y  420 MJ ( 4 00000 B tu )  d u r i n g  c l e a r  O c tober- November d ays . They 
s ta ted  th a t  the  co s t  of  ma te r i a l s a n d  l abor  to c o n s tru c t  the  co l l e c to r  
was  $2 7 . 34 /m2 ($2 . 5 4 / f t2 ) w h i c h appeared t o  be c o s t effec t i v e  i n  
the  dryi n g  of  g r a i n .  
He i d  ( 1 9 7 8 )  repo r te d  on  a portab l e co l l e c to r  w h i c h w a s  b u i l t 
i n  two s e c t i o n s , e a c h  of  w h i c h was  2 . 4  x 6 . 1  m ( 8  x 2 0 f t )  and  w a s  
pos i t i oned  f ac i n g sou th a t  a 40-degree ang l e .  O ne  s e c t i o n  u t i l i z ed  
a s u s pended  p l a te made f rom 28- g age  corru g a ted  roo f i ng  m a te r i a l a nd  
the  second  s e c t i on  u t i l i ze d  a s u s pended  deep  V- s h a pe des i g n made 
from 2 0- g age  co l d- ro l l e d b l a c k  i ron . Bo th s e c t i o n s  had an  o u te r  
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cov e r  s u rface  made  f rom 4 -m i l tran s p a re n t ,  g l o s sy po l yv i nyl c o n s truc­
te d i n  the  form o f  1 . 2  x 2 . 4  m (4  x 8 f t )  w i n dow s s e c u red  i n  a wooden 
frame . T h e  two s e c t i o n s  were  c o n n e c te d  by a s he e t  m e t a l  du c t  w h i c h  
formed a tran s i t i o n  du c t  t o  an·ax i a l  f a n  t h a t  w a s  c o n n e c ted  to the  
p l e n um o f  the  b i n .  An average  a i r f l ow of  2 . 6  m3 /min ;m2 (8 . 6  cfm / f t2 ) 
of c o l l e c to r  s u rface  a r e a  w a s  u s ed to dry a 3 . 6  m ( 1 2  f t )  depth  o f  
c o r n  a t  t h e  a i r  f l ow r a te of  2 . 0  m3 /mi n /m3 (2 . 5  cfm / b u ) .  Approx i m a te l y 
1 2  d ays were  req u i red  to dry the  corn  from 2 2  to 1 1  pe rce n t  mo i s tu re 
c o n ten t (we t  b a s i s ) .  E l e c tr i c a l  u s age w a s  7 . 2  MJ;m3 (0 . 07 kWh /b u ) 
per  percen tage o f  mo i s t u re removed w i th no LPG h e a t  be i n g adde d . 
M i dw e s t P l a n  S e rv i ce ( 1 980c ) prov i ded  d e t a i l e d p l a n s  of  a 
portab l e c o l l e c to r  w h i c h  w a s  deve l o ped a t  the  Un i v e r s i ty of  I l l i no i s .  
The  c o l l e c to r  c o n s i s te d  of  a 3 . 7  x 7 . 3  m ( 1 2  x 24 f t )  s e c t i on made  
from 5 . 1  x 1 0 . 2  em (2 x 4 i n )  wood  members  w i th  a p l ywood  back  t h a t  
w a s  pa i n te d  b l a c k  and  cove red w i th corruga ted f i be r g l a s s - re i nforced  
p l a s t i c ( FRP ) .  T h e  se c t i on  was  fas tened  to  a base  at  a 6 3 - deg ree 
ang l e w h i c h  g a v e  the m a x i mum s o l ar  i n terce p t i on  fo r f a l l d ry i n g  i n  
northern  I l l i n o i s .  W i th  the  perfo rmance  b ased  on  a n  a i r f l ow r a te 
of 4 . 6  m3 /m i n /m2 ( 1 5  cfm/ft2 ) ,  the ave rage f u l l - d ay c o l l e c to r  
eff i c i ency w a s  e x pe c te d  to b e  70  percen t .  
B a k e r  and  Shove  ( 1 9 7 7 ) d e s c r i bed a 1 30 m2 ( 1 4 0 0  f t2 ) covered  
p l a te co l l e c to r  w h i c h  w a s  i n co rpor a ted i n to a wooden  tru s s  add i t i on  
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to  a mac h i n e ry s to rage  b u i l d i n g th a t  was  l oc a te d  adj ace n t  to  a g ra 1 n 
b i n .  C l e a r , c o r ru g a te d  f i berg l a s s  was  u s e d  for  the  o u te r  w a l l a nd  
roof  cover  and  w a s  fa s tened  to  5 . 1  x 1 5 . 2  em ( 2  x 6 i n )  v e r t i c a l  
w a l l membe rs  and  5 . 1  x 3 0 . 5  em ( 2  x 1 2  i n )  p u r l i n s f a s tened b e tween  
tru s s e s . Two 9 . 3 - k W  ( 1 2 . 5� h p ) a x i a l  fans  p u l l ed amb i e n t  a i r t hrough  
the  1 4 . 0  em ( 5 . 5  i n )  dee p  w a l l air c h amber  and  the  a i r c h amber  i n  
the roof w h i c h  h ad a d e p th v a ryi ng f rom a p p ro x i m a te l y 1 5 . 2  to 2 9 . 2  
em ( 6  to 1 1 . 5  i n ) . T he  a i r f l ow r a te of  4 . 2  m3 /m i n /m2 ( 1 3 . 8  cfm / f t2 ) 
prov i ded  an  a i r tempe r a tu re r i s e thro u g h  the  c o l l e c to r  a s  h i g h  a s  
9 ° C  ( 1 7 ° F ) . T h e  b o t tom l aye rs  of  corn  were preven ted f rom be i n g 
overdr i e d w i th  a g ra i n- s t i r r i ng  dev i ce .  The  c o l l e c tor  w a s  b u i l t  
i n  the s umme r  of 1 9 7 5  a t  a co s t  of abo u t  $2 0 /m2 ( $ 1 . 86 /f t2 ) of  
c o l l e c to r  s u rface  a rea  w h i c h  rep l aced  a l l s u p p l eme n ta l  heat  fo r 
dryi ng  i n  1 9 7 5  and  1 9 7 6 . 
Lambert  and  V a u g han  ( 1 9 7 8 )  de s i gned , c o n s truc ted , a nd  e v a l u a ted  
a 1 7 2 m2 ( 1 84 6  f t2 ) c o l l e c to r  w h i c h w a s  b u i l t i n  the  s o u thern  w a l l 
and  roof of  a b a rn l oc a ted i n  s o u theas t V i rg i n i a .  T h e  c o l l e c to r  
u t i l i z ed  a ma trix a b s o rber  w i th  meta l  l a t h i ng  w h i c h i n c re a sed  the  
overal l therma l e f f i c i e n cy . They mon i to red s o l a r  r a d i a t i on , the  
amo u n t  of LPG and  e l ec t r i c i ty c o n s umed , the  amo u n t  of  pean u ts dr i e d ,  
and  2 4  tem pe ra ture  l oc a t i o n s . They found  th a t  t h e  eff i c i e n cy of  
the  c o l l e c to r  v a r i ed  f rom 2 2  to  86 perce n t ; of  w h i c h  they a s s umed 
a 4 5  perce n t  e ff i c i e n cy for  a 6 1 - day dryi ng  p e r i od . T h ey s ta te d  
that  t h e  c o l l e c to r  c o u l d be b u i l t  b y  t h e  farmer  u s i n g ro u g h  s awn 
l umber and  o th e r  a v a i l ab l e m a te r i a l s for  l e s s  t h an $ 1 6 /m2 ($1 . 5 0 / f t2 ) .  
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T h e  c o l lec to r  performe d we l l a n d  was  con s i dered.econom i c a l l y  fea s i b l e  
s i n c e  i t  had  a payback  pe r i od  of  a b o u t  f i v e ye a r s . 
Con c l u s i on s  
F l a t  p l a te s o l a r  a i r heaters  c o u l d re a s o n ab l y  b e  u s e d  to s u pp l y 
s u p pleme n ta l  h e a t  for  crop  dry i n g  app l i c a t i on s . I n  many c a s e s , no  
o th e r  fo rm of  h e a t  w a s  needed  to  s u c ce s s fu l ly comp l e te the  d ry i n g  
operat i on . T h e  des i gn a n d  e v a l u a tion of  the  h e a te r s  s h o u l d fo l l ow 
the fo l l ow i n g c r i te r i a :  
1 .  The  h e a te r  c a n  b e  a s s umed to operate u n d e r  s te ady- s ta te 
con d i t i o n s  (Wh i l l i e r ,  197 7 ) . 
2 .  The  k ey i mp o r ta n c e  i n  the de s i g n of the  h e a te r  i s  the  
s u rface  c o n d u c tance  between the  a b s o rber  and  a i r f l ow 
( P a rk e r ,  1980 ) . 
3 .  Added h e a t  does  n o t  reduce  the  a i r  f l ow r e q u i reme n ts of  
d ry i n g  ( P i e rc e  and  T homp son , 197 6 ) . 
4 .  Dry i n g  w i th s o l ar  h e a t  i s  mo s t  fe a s i b l e  w he n  t h e  c ro p  
h a s  a h i g he r  mo i s tu re c o n te n t  (Mo rey e t  al . ,  1 9 7 9 ) .  
5 .  He a te r s  are  more fe a s i ble w hen  i nexpe n s i v e mater i a l s are  
u t i l i z e d  (Mo r r i s o n  a n d  Shov e ,  197 5 ) . 
6 .  Neg a t i v e  h e a t  c o l l e c t i o n  i s  po s s i ble o n  cle a r  n i g h ts 
( P e te r s o n  a n d  Hell i c k s o n , 1975 ) .  
7 .  A wrap- a ro u n d  c o l l e c to r  i n s ta l l ed o n  the  s o u th e rn two­
t h i rds  of  a b i n i s  a s s umed to be  a v e r t i c al ,  s o u th-fa c i n g  
w a l l w i th a n  effec t i v e  co l lec ti o n  a r e a  equ a l  t o  t h e  b i n  
d i ame te r t i me s  the coll e c to r  he i g h t  (M i dwe s t  P l an  Se rv i ce ,  
1980b ) .  
8 .  S ta n d ard  b u i l d i ng m a te r i a l s c an be u se d  to b u i l d  a c o s t  
effe c t i v e  s o l ar  a i r h e a te r  ( B a k e r  a n d  S hove , 1 9 7 7; Heid, 
1 9 78; M i dwe s t  P l an  Serv i ce ,  1 980b , c; Lamb e r t  a n d  V a u g h a n , 
1 9 78 ) . 
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C HAPTER I I  I 
FEATURES  OF THE  THR E E  CA SES  I N V E ST IGATED  
I .  CASE  I :  WRAP-AROUND  SO LAR A IR  H EATER  
Dryi n g  Requi reme n ts of  the  F a rm 
The  C a s e  r in v e s ti g a tio n con sidered the  u s e  of  a s o l a r  air 
h e a te r  w hi c h  w a s  inco rpo r a ted  i n to a g rain dryin g  sys tem . The opera­
tio n , s how n in Fig u re 1 ,  was  a row c ro p  farm l oc a ted in We s t  Te n ne s see . 
The  f a rmin g  e n te r p ri s e  con si s ted  of  1 2 1  h a  ( 300  A )  of  corn  a n d  2 02 h a  
( 5 00 A )  of  s oybean s ,  of  w hi c h  6 1  h a  ( 1 50  A )  o f  s oyb e a n s  w e r e  p l a n ted 
a s  a doub l e crop  a f te r  w h e a t . Fo l l owin g  h a rv e s t ,  the c ro p s  were  
dried a n d  s to re d  i n  six bin s  w hi c h  h ad a tota l  s to rage c a p a ci ty of 
1 2 34 m3 ( 3 5000  b u ) .  Large a xi a l  dryin g  f a n s  equipped  wi th LPG h e a te r s  
s u p p l ied f o r c e d  h e ated  air t o  the  g rain bin p l e n um s  t o  comp l e te 
the dryin g  proce s s . T h e  amo u n t of  LPG u s e d  for  d ryi n g  e ac h  ye ar  
typic a l l y  ranged  f rom 4 1 60 L ( 1 1 00 ga l ) to  6430  L ( 1 700  g a l ) .  
He a te r  Des c ri p tion 
One  of  the  six s to rage  bi ns  w hi c h  was l oc a ted  wi th  the  b e s t  
s o u thern  expo s u re w a s  c ho s e n  to s u pport  a wrap- around  s o l a r  air h e a te r ,  
a s  s hown i n  Fig u re 2 .  Ambie n t  air was  h e a ted  w hen i t  w a s  p u l l e d 
thro u g h  this s u s pe n ded  p l a te co l l e c tor  w hich  w a s  b ui l t o n  the  o u te r  
circumfere n c e  o f  the  g rain bin w hich  h a d  a 7 . 6 - m  ( 2 5 - f t )  diame ter 
by 5 . 2 -m ( 1 7 - f t )  eave heig h t .  The  effec tive area of the  c o l l e c to r ,  
a s  c a l c u l a te d  by the  me thod  s u gges ted  by Midwe s t  P l a n  Service ( 1 98Gb ) , 
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F I GURE  1 .  Wes t Ten n e s s e e  row c ro p  f a rm u t i l i z i n g a wrap- around  s o l a r  a i r h e a te r  i n co rp o r a ted  
i n to a g ra i n  d ry i n g  sys tem . 
. N 
co 
F I GURE  2 .  Gra i n  b i n  e q u i pped  w i th a s o u thern  e xpo sed  s u s pe n de d  p l a te w r a p - a r o u n d  solar  a i r 
h e a te r . 
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w a s  the  b i n d i ame ter  t i me s  the  c o l l e c to r  h e i g h t .  T h e  fu l l e a v e  h e i g h t  
o f  the b i n  w a s  u t i l i ze d  f o r  the  co l l e c to r ,  g i v i n g an  effec t i v e  a re a  
of 3 9 . 5  m2 ( 4 2 5  f t2 ) .  The  to ta l  cos t of con s tr u c t i o n  was  $1680 p l u s  
a n  add i t i o n a l  180 m a n- h o u r s  o f  l ab o r . 
For  s i mp l i c i ty of  con s tr u c t i o n ,  the  e x i s t i n g  f a n  a n d  p l e n um 
connec t i on  were  l ef t  i n tac t  i n  the nor thwe s tern  qu adran t o f  the  b i n 
c i r cumferen c e , a s  s hown i n  F i g u re 3 .  The  a b s o rber  p l a te a n d  cov e r , 
w i th s pe c i f i c a t i o n s  s hown i n  Tab l e 1 ,  were  con s tr u c ted  a s  an  u n o b s truc­
te d u n i t a rou n d  the  s o u thern two- t h i rds  of  the  b i n .  A i r p a s s ag e s  
between  the  p l a te a n d  cov e r , s hown i n  F i g u re 4 ,  were  formed b y  
f a s te n i ng a l aye r o f  h o r i z o n ta l , s ou thern  yel l ow p i n e w o o d  l a t h i ng  
to  spe c i a l  b r a c k e t s  th a t  were bo l ted to the  b i n .  A i r p a s s a g e s  b e tween  
the p l a te a n d  cove r ,  a l so  s h own  i n  F i g u re 4 ,  were  formed by n a i l i n g  
mo re l aye r s  of  l a t h i n g  t hrough  the p l a te i n to the  f i r s t  l aye rs  o f  
l a th i n g .  A i r e n te r e d  bo th s e ts  of  pas s ag e s , s hown i n  F i g u re 5 ,  v i a 
an  open  e n d  a t  the  e a s t- n o r t he a s te rn quadra n t  of the  b i n  c i rc umference . 
A i r f l owed  th ro u g h  the  co l l e c tor  a t  r i g h t  a n g l e s  to the  corru g a t i o n s  
o f  t h e  a b s o rb e r  p l a te a n d  cove r ,  thereby c r e a t i n g  turbu l e n t  a i rf l ow . 
Kre i th (1973 ) n o te d  t h a t  s u rface  conductance  was  i n c r e a s e d  a s  the  
flow of a tran s p o r t  f l u i d became more turb u l en t .  Hen c e ,  the  good 
s u rface  c o n du c ta n c e  be tween  the ab sorber  a n d  tra n s po r t  f l u i d  w a s  
o f  k ey i mporta n c e  i n  t h e  des i g n of  the h e a ter . 
O nce  h e a te d  w h i l e  mov i n g thro u g h  the  1 8 . 3-m  ( 60 - f t )  of the  
a i r p a s s ages , the  a i r was  then  emp t i ed  i n to a m a n i fo l d w h i c h  w a s  
con s tru c te d  a t  the  e x i t e n d  of  t h e  h e a te r .  T h e  man i fo l d ,  s hown i n  
B AC K - UP HEAT E R. ----\-�-::J 
FAN 
S O U T H  
F IGURE 3 .  Sc hema t i c o f  e x i s t i ng  fan  and  p l e n um conn ec t i on  of  g r a i n 
b i n  f i tted  w i th wrap-a round  s o l ar  air h e a te r .  
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TAB LE 1 .  D e s c r i p t i on  of B a s i c  Co l l e c to r  Compo n e n t s  U s e d  to  Con s tr u c t  
S u s pended  P l a te So l a r  A i r He a ter  
Ab s o rber  P l a te : 
Cover: 
Mater i a l - - 0 . 34 mm ( 2 9  gage  o r  0 . 0 1 3 5  i n )  th i c k g a l v a n i z e d , 
c o r ru g a te d  s he e t  s te e l . 
P repara t i o n - - ( 1 )  
( 2 )  
( 3 )  
( 4 )  
c u t  to f i t h e a te r  
tre ated  w i th s u rface  prepara t i on 
p a i n ted  w i th base coa t o f  g a l v a n i zed  meta l  
p r i me r  pai n t  
p ain ted w i th f l a t  b l a c k  o i l b a s e  me ta l  
p a i n t .  
M ater i a l - - F i l o n So l a r  P l a te ( Type 546 ) 
We i g h t- - 1 . 2 2 k g /m2 ( 4 . 0  o z /f t2 ) 
Transm i s s i v i ty- � 94 perc e n t  o r i gina l  
7 6  percen t a f te r  te n ye a r s . 
3/ 4" X 1 11 ' S T R I P  2 
3 / 4" X 4' S T R I P  
3 / 4 "  X 2 1 " X 6' B LO C K  2 
E TA L  G R A I N  B I N  W A  
�---------2 9  G A. C O R R .  M E TAL A B S O R B E R P L A T E  
-'--------------------F I B E R G L A S S  R E I N F O RC E D  PL .A ST I C  
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F IGURE 4 .  Cro s s - s e c t i on co n s tru c t i on p l ans  of s u s pended  p l ate  wrap­
a ro u n d  s o l a r  a i r he a ter- - expre s s e d  i n  trad i ti o n a l  E n g l i s h 
u n i ts .  
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F I GURE  5 .  Air i n l e t  p a s s a g e s  l o c a te d  in e a s t- n o r th e a s tern  qu adran t 
o f  g rain bin eq uipped  wi th wrap- arou n d  s o l a r  air h e a te r . 
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F i g u re 6 ,  co n n e c te d  t h e  a i r p a s s ag e s  t o  t h e  b i n p l e n um v i a a 5 . 2 k W  
( 7  hp ) a x i a l  fan  a n d  b a c k u p  L P G  h e a ter . T h e  m a n i fo l d d i rec ted s o l a r  
he a ted  a i r to t h e  f a n  a n d  c o u l d a l so s e r v e  a s  a m i x i ng c h amber  com­
b i n i n g s o l a r  h e a te d  a i r a n d  u n he a ted amb i e n t  a 1 r .  Doo rs  on  the  
man i fo l d ,  s hown i n  F i g u r e  7 ,  c o u l d be opened  to  i n l e t u n h e a ted  a i r 
and , p rev e n t  g ra i n  overhe a t i n g . T h e  o v e r he a t i n g  of  g r a i n ,  a s  d i s c u s s e d  
b y  Me n z i e s and  O ' C a l l a g h an ( 1 9 7 1 ) ,  M i dw e s t  P l a n  S e rv i c e ( 1 980a ) ,  
and  S hove  a n d  W h i te ( 1 9 7 7 ) ,  de te r i ora te s  the  q u a l i ty of  g r a i n ,  
e s pe c i a l l y  s e e d  g r a i n s , soybea n s , a n d  g ra i n s  u s e d  fo r we t m i l l i n g 
p urpose s .  
Dry i n g  Procedu re 
Gra i n was h a rv e s te d  at a mo i s tu re c o n ten t t h a t  ranged  f rom 
1 8  to 2 5  perc e n t  ( w e t  b a s i s ) . The  forma l  dry i n g  p roc e s s  t hen  began  
when  the  g ra i n w a s  l o aded  i n  the  dryi n g  b i n an d the  dry i n g  fan  w a s  
s ta r ted . I de a l l y , the  g ra i n w a s  l o aded a n d  d r i ed i n  the  b i n i n  
i n c remen ts o f  s h a l l ow l aye rs . However , i f  i t  h a d  to be  l o aded i n to 
the  b i n  i n  deep  l aye rs , a g r a i n s t i r r i n g  dev i ce co u l d be u s e d  to 
con tro l  overdry i n g , as  d i s c u s sed  by P i e rce  a n d  Thom p s o n  ( 1 980 ) . The  
s t i r r i n g  d ev i ce i s  s hown i n  F i g u re 8 .  Dryi ng  typ i c a l l y  to o k  one  
to  fou r wee k s  to  reduce  the  mo i s tu re content  to  12  perc e n t ( w e t  
ba s i s ) .  The  t i me re qu i red  f o r  dry i n g  p r i m a r i l y  depended  u pon  the  
i n i t i a l a n d  f i n a l  mo i s tu re con te n ts of the c ro p ,  w e a t h e r  con d i t i o n s ,  
s o l a r  i r ra d i a t i o n , amo u n t  of  g ra i n ,  a n d  the  a i r f l ow ra te , a s  n o te d  
by B l oome a n d  Shove  ( 1 9 7 1 ) a n d  P i e rce  a n d  Thom p s o n  ( 1 980 ) . U s u a l l y , 
a l l of the  h e a t  produced  by the  s o l ar  h e a te r  co u l d be  u t i l i z ed , 
F I GU R E  6 .  A i r e x i t m a n i fo l d l oc a ted  i n  n o r thwe s te rn qu adran t of  
g ra i n  b i n  e q u i pped  w i th wrap- arou n d  s o l ar  a i r h e a te r .  
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F IGURE  7 .  A i r m i x i n g - v e n t i n g  doo r s  o n  a i r  e x i t m a n i fo l d l oc a te d  1 n  n o r thw e s te r n  q u adran t of 
g ra i n b i n  e q u i pped  w i th wrap- a ro u n d  s o l a r  a i r h e a te r .  
F I GURE  8 .  Mono- a u g e r  type g ra i n  s t i r r i n g  d ev i c e mou n te d  i n  g ra i n 
b i n  equ i pped  w i th w rap- around  s o l a r  a i r h e a te r . 
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and  the  doo r s  o n  the  man i fo l d rema i ned  s h u t .  D ry i n g  i n  ra i ny weather  
co u l d be a i ded w i th  s u p p l eme n ta l  h e a t  s u p p l i ed by  t h e  b a c k u p  LPG  
h e a te r .  
I I .  CAS E I I : PORTABLE  SO LAR A I R HEATER 
Dry i n g  Req u i reme n ts of  the  Farm 
C a s e  I I  con s i de red the  app l i c a t i o n  of  s o l ar  a i r h e a te r s  on  
a f a rm l oc a te d  i n  the  wes tern po r t i on  of M i dd l e Te n n e s s ee . The  farm ,  
s hown i n  F i g u re 9 ,  i n c l uded  1 6 2  h a  ( 400  A ) o f  corn  a n d  6 4 7  h a  ( 1 600  A ) 
of  s oybe a n s . To f u r th e r  amp l i fy the  i mpo rtance  of  g ra i n  d ryi n g  on  
the  f a rm ,  some o f  the  s oyb e a n  acre age was  dou b l e c ro pped  w i th w he a t .  
The  c rops  were s to re d  i n  s e v e r a l  l a rge b i n s  w h i c h h a d  a comb i n a t i o n  
s torage  c a p a c i ty o f  2 8 2 1  m3 ( 80000 b u ) . I n  the s e  s tor age b i n s ,  d ry i ng  
w a s  performed w i th fo rced  a i r w h i c h  had  been  h e a te d  w i th  LPG . 
I n  a dd i t i o n  to dryi ng  gra i n ,  the  f a rm c o u l d u s e  h e a ted  a i r 
to warm a work s h o p  th a t  w a s  l o c a te d  i n  c l o s e  pro x i m i ty to the  dryi n g  
fa c i l i ty .  The  s ho p  h a d  d i me n s i on s  of 1 4 . 6  m ( l ) x 1 2 . 8  m (w ) x 
5 . 5  m ( h ) ( 48 f t  x 42  f t  x 1 8  f t ) and  was  p r i m a r i l y  u s ed for  the  
ye ar- rou n d  s e rv i c i n g a n d  m a i n te n an c e  of  trac tors  a n d  o ther  f a rm equ l p­
men t .  T h u s , there  e x i s te d  the  pos s i b i l i ty of h e a t i n g  t h i s s ho p  i n  
the  w i n te r  mon t h s  w i th s o l a r  h e a ted  a i r .  
He a te r  De s c r i p t i o n  
T h r e e  portab l e s o l a r  a i r h e a ters  we re des i g n e d  a n d  con s tr u c ted , 
a s  s hown i n  F i g u re 1 0 ,  to mee t the  l a rge c ro p  d ry i n g  req u i reme n ts 
and  po s s i b l e  s pace  h e a t i n g  req u i remen ts . Two o f  the  h e a te r s  were  
F I GURE 9 .  M i dd l e Tenn e s se e  f a rm u ti l i z i ng th ree p o r tab l e s o l a r  a i r h e a te r s  i n c o rpora te d  i n to a 
g ra i n d ry i n g  sys tem a n d  s ho p  heat i n g  a p p l i c a ti o n .  
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T h ree  s u s pe n d e d  p l ate  portab l e s o l a r  a i r heaters  i n corpo r a ted  i n to a g r a i n dry i n g  
sys tem . 
connected  i n  s e r i e s  a n d  then  i n  p a r a l l e l w i th the  t h i rd  h e a te r , a s  
s how n i n  F i g u re 1 1 . A i r d u c ts between the co l l e c to r s  were  fab r i c a -
t e d  from 2 08 L ( 5 5 g a l ) s te e l  drum s . Th i s  i n c l uded  a 1 2 m ( 3 9 f t )  
d u c t  f rom t h e  row o f  h e a te r s  to a 5 . 6  k W  ( 7 . 5  h p ) fan  W h i c h  s e rved  
two 3 1 7  m3 ( 9000 b u ) b i n s .  T h e  d u c t  to  the  b i n s  i s  s hown i n  F i g u re 
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1 2 . S i nce  the  fans  were  l oc a ted  on  the  n o r th s i de of  the  b i n s ,  mov i n g 
the  h e a te r s  aw ay f rom t h e  b i n s to av o i d s h ad i n g  by the  b i n s  a n d  
e l ev a to r  l eg w a s  n e c e s s a ry .  A remov eab l e s e c t i o n  w a s  i n corpora ted 
i n to the  l on g  a i r d u c t  to a l l ow occ a s i o n a l  farm traff i c to p a s s  on 
an  o l d ro a d  bed . E a c h  h e a te r  h a d  a co l l e c to r  s u rface  w i th the  
d i me n s i o n s  of 3 . 6  m ( 1 2 f t )  w i de by 7 . 3  m ( 24 f t )  l o n g . T h e  co l l e c to r  
s u rface  w a s  i n c l i n ed  a t  a 4 5 - de g ree  a n g l e and  w a s  mo u n ted  on  a p re s s u re 
tre a te d  wooden  s k i d .  T hu s , the  to ta l co l l e c to r  s u rface  f o r  the  three  
heaters  was  80 m2 ( 864  f t2 ) .  The  to ta l co s t  for  t h e  th ree h e a te r s  
w a s  $2 700 for  m a te r i a l s p l u s  a n  ad d i ti o n a l  240  m a n - h o u rs of  l a bor . 
Crop  d ry i n g  w a s  accomp l i s hed  by h e a t i n g  amb i e n t  a i r w i th the  
s i n g l e p a s s acro s s  the  a b s o rber  p l a te w h i l e  s p ace  h e a t i n g  was  
ac comp l i s h ed w i th t h e  o p t i o n  of  a i r rec i rcu l a t i on  th ro u g h  the  h e a te r .  
The  he ater , s h own  i n  F i g u re 1 3 , cons i s ted  o f  a s u s pended  a b s o rber  
p l a te w h i c h  h a d  a i r pa s s ag e s  above  and  be l ow the  p l a te . T h e  p l a te 
was  s u s pended  by wood  l a th i n g n a i l ed to the  i n c l i n e d  rafte r s . A i r 
pa s s ag e s  b e tween  t h e  c o l l e c tor b a c k  and  a b s o rb e r  p l a te were  c re a te d  
by n a i l i n g a 1 . 3 e m  ( 0 . 5  i n )  CD  type p l ywood s he a th i n g o n  t h e  b a c k  
of 5 . 1  x 1 0 . 2  e m  ( 2  x 4 i n )  s o u thern  yel l ow p i ne r a f te r s . A i r 
pa s s ag e s  above  the  ab s orbe r p l a te were then  formed by n a i l i n g  the  
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cov e r  on  the  top edge  of  the  rafte rs . The  absorber  p l ate  a n d  a l l 
expo sed  wood s u rf a c e s  were p a i n ted  w i th  a f l a t  b l a c k  o i l - b a s e  p a i n t .  
D e t a i l s  of the  a b s o rber  p l a te a n d  cover  are o u tl i n ed  i n  Tab l e 1 ,  
page  3 2 . I n  the  c ro p  dryi n g  mode , s hown i n  F i g u re 1 4 ,  a i r e n te red 
t h ro u g h  an o pe n i ng o n  the top s i de of the  co l l e c to r  s u rface . A i r 
w a s  then  p u l l e d down b o t h  s i de s  of the a b s orber  p l a te . A s  i n  the  
wrap- a ro u n d  h e a te r ,  a i r f l owed  a t  r i g h t  a n g l e s  to  the  corrug a t i o n s  
o f  t h e  a b s orber  p l a te a n d  co v e r . A i r from t h e  a i r p a s s a g e s  w a s  co l l e c ­
te d i n  a n  a i r c h amber  s i tu a ted b e tween t h e  s k i d a n d  c o l l e c to r  s u rface , 
a s  s hown i n  F i g u re 1 5 . T h i s trape z o i d a l - s h aped  c h amber  w a s  i n s u l a te d  
on  the  f l oor  a n d  e n d  w a l l s  w i th 3 . 8  e m  ( 1 . 5  i n ) r i g i d ,  e x p a n d e d  bead  
po l ys tyre n e  i n s u l a t i o n  a n d  o n  the  back  wa l l w i th 8 . 9  em  ( 3 . 5  i n ) 
b a t t  type  f i berg l a s s  i n s u l a t i o n .  A i r was  carr i e d by a d u c t  from 
the  c h amber  t h ro u g h  the  e n d  wa l l s . 
I n  t h e  s p ace  h e a t i n g  mode , s how n i n  F i g u re 1 6 ,  a i r c o u l d be 
re c i rcu l ated  t h ro u g h  the a b s o rber  p l a te a i r p a s s ages  a n d  b o t tom a i r 
c h ambe r .  R e c i rcu l a t i o n  w a s  po s s i b l e by connec t i n g  the  a i r i n l e t 
pa s s ag e s  to an  a i r c h amber  b u i l t  above  the  trape z o i d a l - s h aped  d i s ­
c h arge  a i r  c h amber . S i n c e  t h e  i n l e t p a s s a ge s , s hown i n  F i g u re 1 7 ,  
we re l o c a ted o n  t h e  c a n t i l e vered porti on  of  the  co l l e c to r  s u rface , 
connec t i n g  a i r p a s s a g e s  b e tween  the  i n l e t p a s s ages  a n d  the  top 
a i r c h amber  w a s  n e ce s s a ry .  T hese  c o n n e c t i n g  a i r p a s s a ges  were  b u i l t  
on the  b a c k  s i de of  the  c a n t i l evered  port i o n  of  the  c o l l e c tor  s u rface . 
A i r c o u l d then  e n te r  through  the to p a i r c h amber  a n d  f l ow thro u g h  
t h e  co n n e c ti n g  p a s s a ge s ,  a b s o rber  p l ate p a s s ages , a n d  bottom a i r 
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F I GURE  1 5 .  U pper  a n d  l owe r a i r c h ambers  c o n s t r u c ted  to con n e c t  en trance  a n d  e x i t of  a b s orbe r 
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F I GURE 1 7 .  A i r i n l e t u t i l i z ed by portab l e  s o l ar  a i r h e a te r  operat i ng  
i n  c ro p - d ry i n g  mode . 
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c h ambe r .  B o th to p and  bo t tom a i r c h ambers  were then  c o n n e c ted  to 
the  s h op  b u i l d i n g so th a t  a i r cou l d be forced t h ro u g h  the  top c h amber  
to  a c h i eve  rec i rc u l a t i o n . The  c h angeover  of  the  h e a te r  f rom c ro p  
dry i ng  mode t o  t h e  s p ace  h e a t i n g  mode w a s  f a s t a n d  s i mp l e ,  o n l y re­
qu i r i n g t h a t  a s e a l e r  s tr i p be f a s te ned  to the i n l e t p a s s ag e s  u s e d 
fo r the  c rop  h e a t i n g  mode . T h e  he a te r  cou l d be  re ad i e d  f o r  tr a n s p o r t  
b y  u n h oo k i n g a n y  c o n ne c ted  d u c t s  and  s u p p o r ts w h i c h preven ted i t  
from t i p p i n g  o v e r  du r i n g  w i n dy per i ods . S i n c e  the  h e a te r  w a s  
con s tru c te d  on  s k i ds ,  tra c to r  tow i ng  w a s  po s s i b l e .  
D ryi ng  Procedure 
Soybe an s were  h arves ted a t  a mo i s tu re c o n te n t  t h a t  ranged  
from 14  to 18  perc e n t ( w e t  b a s i s )  a n d  dryed i n  b a tc h e s  of abo u t  
80 m3 ( 2 2 6 0  b u ) to a f i n a l  mo i s ture  co n te n t  o f  1 2  percen t ( w e t  b a s i s ) . 
Corn  w a s  h a rv e s ted  w i th  a mo i s ture con te n t  of 1 8  perc e n t  (we t b a s i s )  
a n d  dryed i n  b a tc h e s  w h i c h  r a n ged  from 38 m3 ( 1 080 b u ) to 5 5  m3 · 
( 1 5 5 0  b u ) .  T h e  f i n a l  mo i s tu re co n te n t  of the  c o rn w a s  1 5  perc e n t  
( w e t  b a s i s ) . Approx i m a te l y e q u a l  a i r f l ow rate w a s  m a i n ta i ned  
thro u g h  e a c h  o f  the  th ree h e a ters  by a dj u s t i n g  the  a i r i n l e t  v e n t  
on  e a c h  h e a te r . L P G  c o u l d be u s e d  as  a s o u rce  of  s u pp l emen ta l  h e a t  
dur i ng  r a i ny d ry i n g  wea the r .  
I I I .  CASE  I I I :  MU L T I PURPOSE  SO LAR BARN 
Dryi n g  R eq u i reme n ts of  the  F a rm 
The  C a s e  I I I  i n q u i ry con s i dered the  u s age  o f  a mu l t i purpose  
s o l a r  barn  w h i c h w a s  e re c ted  o n  a h i g h l y d i v e r s i f i ed f a rm l o c a te d  
5 2  
i n  E a s t Ten n e s see . T h e  f a rm ,  s how n i n  F i g u re 1 8 ,  h ad  a m i l k i n g herd 
of 1 80 cow s , 5 h a  ( 1 2 A ) of  b u r l ey tob acco , 6 1  h a  ( 1 50  A ) of  corn  
for g r a i n ,  3 6  h a  ( 90 A ) of a l fa l fa h ay for the  d a i ry a n i ma l s ,  and  
28  h a  ( 70 A ) of s oybe a n s  a n d  wheat  i n  a doub l e c ro p p i n g  sys tem . 
Heate d  a i r w a s  p r i m a r i l y  needed  for  the  d ry i n g  of  gra i n and  a l f a l fa  
hay .  For  g ra i n d ry i n g ,  the  farm h ad s to rage  b i n s  th a t  were  e q u i pped  
w i th  d ryi n g  fans  and  L P G  h e a te r s . Howev e r ,  the  f a rm d i d  no t h ave  
a f a c i l i ty for  the  dry i n g  of a l fa l fa h ay .  The  h ay w a s  p a c k aged  i n  
l arge ro u n d  b a l e s h av i n g a m a s s  of approx i m a te l y 680  k g  ( 1 5 00 l b ) . 
I n  a d d i t i o n  to d ry i n g  g ra i n  and  h ay ,  t h e  f a rm co u l d m a k e  u s e  
o f  a h e a te d  work a re a  a n d  ma c h i n e ry s torage  s p a c e . Be i n g s u c h  a 
d i v e r s e  f a rm ,  many typ e s  of  expe ns i v e f a rm mac h i n e s  were u s e d , m a i n ­
ta i ned , a n d  s tored  thro u g h o u t  the  ye a r .  S i nce  dry i n g  w a s  p r i m a r i l y  
condu c te d  d u r i n g  s p r i n g ,  s umme r ,  and  fa l l ,  a f a c i l i ty u s e d  for  c ro p  
dryi n g  wou l d t h e n  be  av a i l ab l e f o r  o ther  u s e s  d u r i n g  t h e  w i n te r  
mo n th s . 
He a te r  De s c r i p t i o n  
A mul t i p u r p o s e  s o l a r  b a rn w a s  co n s tru c ted  t o  a c como d a te the  
dry i n g  of  l a rge  ro u n d  b a l e s  of h ay ,  to pro v i de h e a te d  a i r for gr a i n 
dry i n g ,  a n d  to fac i l i t a te a h e a ted  work  a re a . T h e  u n i t , s hown i n  
F i g u re 1 9 ,  w a s  de s i g n e d  to s u p p l y l ow- temperature s o l a r  h e a ted  a i r .  
The  des i g n w a s  b a s e d  o n  re search  condu c ted a t  the  Un i v e rs i ty of  
Ten n e s see  by  B l e d s o e  et  a l . ( 1 98 1 ) .  The  u n i t  i n corporated  a s u s pe n ded  
p l a te c o l l e c to r  i n  the  v e r t i c a l  s o u thern  w a l l a n d  mo no - s l o pe d  roof . 
A i r was  p u l l e d throu g h  the  c o l l e c tor  a i r p a s s ages  o f  the  w a l l a n d  
F I GURE  1 8 .  E a s t Ten n e s s ee f a rm u t i l i z i ng a m u l t i p u rp o s e  s o l a r  b a r n  de s i gned  for  l a rge h ay b a l e 
dryi n g , g r a i n d ry i n g , a n d  s ho p  h e a t i n g . 
F I GURE  1 9 .  S u spended  p l a te mu l t i p u r p o s e  s o l a r  b a r n  u s e d  for  l a rge  h ay b a l e d ry i n g , g r a i n 
dryi n g , a n d  s ho p  h e a t i n g . 
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roof by an  a i r h a n d l i n g sys tem w h i c h  a l s o  s e rv ed  to force  a i r t h ro u g h  
t h e  l arge r o u n d  ba l e s o f  h ay v i a  f l oor  d u c ts , a s  s hown i n  F i g u re 2 0 .  
The  dry i ng  f a c i l i ty ,  w i th i n s i de d i me n s i on s  o f  8 . 5  m x 1 2 . 2  m 
( 2 8 f t  x 40 f t ) , wou l d  a ccomoda te 2 4  b a l e s  of  h ay a n d  s i mu l taneou s l y  
s u p p l y e a c h  b a l e w i th 1 1 . 3  m3 /m i n ( 400 cfm ) o f  a i r a t  a pre s s u re head  
of 1 0 . 2  em  ( 4  i n )  o f  w a te r . Gr a i n dry i ng , s hown i n  F i g u re 2 1 , c o u l d 
be a c compl i s hed  by d i v e r t i ng  the s o l ar  h e a ted  a i r to a d u c t ,  s hown 
i n  F i g u re 2 2 , t h a t  was  c o n n e cted to a gra i n b i n .  T h e  fan  s u p p l i ed 
a i r to two 1 76 m3 ( 5000  b u ) b i n s l oc a ted  6 . 1  m ( 2 0 f t )  f rom the  n o r th 
s i de of the  � ry i n g  b a r n . S p ace  h e a t i n g  of  the  barn , s hown i n  F i g u re 
2 3 , w a s  a c compl i s hed  i n  a manner  s i m i l ar to dry i n g  b a l e s . So l a r  
he a ted a i r w a s  b l own i n to t h e  b a rn v i a  t h e  fl oor  d u c ts a s  before . 
Howeve r ,  a i r w a s  rec i rc u l a ted  by c l o s i n g the o u ts i de c o l l e c to r  i n l e t 
v e n t  a n d  o p e n i n g  an  i n s i de doo r  t h a t  returned  a i r to t h e  c o l l e c to r  . 
. The  b a rn a l s o  h a d  prov i s i o n s  fo r v e n t i n g  the  co l l e c to r  s u rface , s hown 
i n  F i g u re 2 4 , when  the  h e a te r  w a s  no t i n  u s e . H i g h  s ta g n a t i on  
temperatu re s  c ou l d c a u s e  the  c l e ar p l a s t i c cover  to d i s c o l o r ,  a ccord i n g  
t o  M i dw e s t  P l an  S e rv i c e ( 1 9 80d ) . The  mu l t i purpose  s o l a r  b arn c o s t  
$ 1 8 , 000 f o r  m a te r i a l s a n d  480 man- hours  of  the 6 80 m a n - hours  requ i red  
fo r e re c ti on . T h e  b a r n  h a d  a co l l e c to r  s u rface  area  o f  1 7 6 m2 
( 1 89 6  f t2 ) .  
The  s u per- s tru c tu re of  the  dryi ng  b a rn w a s  c o n s truc ted s i m i l a r 
to a conv e n t i o n a l  p o l e barn . I nv e r ted  tru s se s  s p a n ned  two rows of  
po l e s to  c r e a te a mo n o s l oped  roof  w i th a p i tc h of  f i v e i n  twe l v e , 
as  s hown i n  F i g u re 2 5 . T h e  co l l ec to r  s u rface  of the  roof a n d  s o u thern  
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F I GU R E  2 2 . Connec t i n g  d u c t  i n s ta l l ed between  m u l t i purpose  s o l ar  b arn  
a n d  g r a i n b i n s . 
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F I GURE  24 . Open  v e n t  doors  a l l ow i n g  c o l l e c to r  s u rface  v e n t i ng of  mu l t i pu rpo s e  s o l a r  b a rn du r i n g  
n o n o pe r a t i v e  p er i o d s . 




F I GU R E  2 5 . 
6"TOP OIA. PRESSURE R E A T E O  POLE 1 3 '-0" O.C. 
1/4" F I BERGLASS S I O I N  TO PROT E C T  I N S ULATION 
2"X4" G I R T S  2 4" 0. C. 
2" PLASTIC FOAM INS L A T I ON 
5 1h" o.c. 
30. o.c. �0 
-.. 
6 1  
'J2" S T Y ROFOAM 
0 
' "' 
28'- 0" '-" PLYWOOD � 
2' OIA. CORRGATEO C U L V E R T  PIPE 
I '  
I '  _ ,  
C ro s s - s e c t i o n  c o n s tr u c t i on  p l a n s  of m u l t i p u rp o s e  s o l ar  






w a l l c o n s i s te d  of  a s u s pended  a b s orber  p l a te a n d  c l e a r  corru g a te d  
f i berg l a s s  cov e r ,  b o t h  o f  wh i c h a re de s c r i bed i n  Ta b l e 1 ,  page  3 2 . 
The  p l ate  w a s  mo u n ted s u c h  t h a t  a i r cou l d f l ow a t  r i g h t  a n g l e s  to 
the c o rrug a t i o n s . Cover  corru g a t i o n s  were o r i e n te d  p a r a l l e l to a i r 
f l ow d i rec t i o n  to f a c i l i ta te r a i n wa te r  runoff  from the  roof . A i r 
was  drawn  i n to the  b o t tom of  the  w a l l c o l l e c to r  a n d  p u l l ed t h ro u g h  
t h e  w a l l p a s s a g e s  w h i c h  s u rrounded  t h e  abs orber  p l a te . F rom there , 
the a i r f l owe d  u p  the  p a s s ag e s  of  the  roof c o l l e c to r  to the  u p per  
eave  o f  the  s tru c t u re w here  a man i fo l d was  bu i l t  to c o n n e c t  the  a i r 
p a s s ages , a s  s hown i n  F i g u re 2 6 . H eat  l o s s  t h ro u g h  the  c o l l e c to r  
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b a c k  a n d  f rom t h e  d u c t  w o r k  w a s  reduced  w i th 3 . 8  e m  ( 1 . 5  i n )  t h i ck 
expan ded  b e a d  po l ys tyrene  i n s u l a t i o n . The  u pper  e av e  m a n i fo l d 
d i rec ted a i r f rom t h e  a i r p a s s ages  of the  absorber  p l a te to the  fa n s . 
Three  3 . 7  k W  ( 5  h p ) v a n e - a x i a l  fan s ,  s hown i n  F i g u re 2 7 ,  were  l oc a ted  
i n  a v e r t i c a l  d u c t  th a t  was  b u i l t  be tween  the  u pp e r  eave  m a n i f o l d 
a n d  a man i fo l d c o n n e c te d  to the  c u l verts . The  f a n s  forced  a i r to 
0 . 6  m ( 2  f t )  d i ame ter corrug a ted  me tal  c u l verts  s i tua ted u n d e r  the  
concrete f l oor . Open i ng s  i n  the  c u l v e r ts a l l owed  a i r to  b e  fo rced  
th ro u g h  the  b a l e s  that  were  pos i t i oned  over  them w i th  a trac tor fron t­
end mo u n te d s p e a r i n g  dev i c e .  The seal  b e tween  the  open i n g s  and b a l e s  
w a s  ac comp l i s he d  w i th m e ta l  s e a l i n g r i n g s . T h e  r i n g s , s hown i n  F i g u re 
2 8 ,  h ad  a d i ame te r  o f  0 . 6  m ( 2 f t ) , a h e i g h t  of  2 5 . 4  em ( 1 0 i n ) ,  
and  were f a b r i c a te d  of  1 2  gage s he e t  s te e l . The  b a l e s  were po s i t i o n e d  
a n d  s e t  o n  e n d  o v e r  the  r i n g s  s u c h  t hat  the  r i n g s  w e r e  pre s s e d  u p  
i n to t h e  l aye r s  of  h ay .  
F I GURE  26 . U pper  e a v e  a i r man i fo l d conne c te d  to a b s o rber  p l a te a i r p a s s ag e s  i n c o r p o r a te d  w i th  
m u l t i p u r p o s e  s o l a r  b a rn . 
F I GURE  2 7 . T h ree  v an e - a x i a l  f a n s  u t i l i ze d  for  a i r h a n d l i ng i n  m u l t i p u r po s e  s o l ar  barn . 
F I GU R E  2 8 .  A i r s e a l i n g r i n g s  p re s s e d  i n to l arge  h ay b a l e s  d r i ed  i n  m u l t i p u rpo s e  s o l ar  b arn . 
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Dry i n g  Procedure  
The  a l f a l fa was  cut  i n  the  ear l y b l oom s tage  d u r i n g  the  ear l y 
afternoon  of  the  f i r s t  d ay of  h a rv e s t .  W i n d row i n g  w a s  begun  i n  the  
mo rn i n g of  the  t h i rd d ay . By the  afte rnoon  of  the t h i rd d ay ,  the  
hay had  dr i e d to  a mo i s tu re co n ten t of  3 5  perc e n t  (w e t  ba s i s ) . At  
. th i s  t i me ,  the  h ay was  p a c k aged  a n d  the  b a l e s  were  p l aced  i n  the  
dry i n g  barn  by  l a te a f te rnoon  of  the th i rd d ay .  
The  dryi n g  f a n s  were  s ta r te d  when  the  b a r n  w a s  l o aded  a n d  
w e r e  o p e r a te d  u n t i l h e a t  f rom the  c o l l e c to r  w a s  no  l on g e r  a v a i l ab l e 
th a t  d ay .  T h e  f a n s  were  s c hedu l ed to operate i n te rm i t te n t l y d u r i n g  
t h e  f i r s t n i g h t  fo l l ow i n g b a r n  l o a d i ng  t o  prev e n t h e a t  b u i l d - u p  w i th i n  
the  b a l e .  The  f a n s  w e re r u n  a l l the  s econd  day i f  the  re l a t i v e  
hum i d i ty of  t h e  amb i en t  a i r w a s  be l ow 8 5  perce n t .  S i n c e  the  h ay 
d i d n o t  te n d  to o v e r he a t  a f te r  the s econd  day of d ryi n g ,  the  f a n s  
were u s u a l l y  n o t  o p e r a te d  a t  n i g h t .  The  u pper  ou te r  por t i o n  o f  the  
hay b a l e s  w a s  the  l a s t  part  of the  b a l e to  dry . W hen  th i s  por t i o n  
of t h e  b a l e reached  a mo i s tu re c o n te n t  o f  2 0  perc e n t  (we t b a s i s ) , 
the b a l e s  were  c o n s i dered  to be  d r i ed  to a s afe mo i s tu re c o n te n t  
for  s to r age . U s u a l l y  i f  the d ry i n g  c o n d i t i o n s  were  goo d ,  the  b a l e s  
re ached  t h e  s a fe mo i s tu re l ev e l  after  the  t h i rd  d ay of  d ry i n g  i n  
the dryi n g  barn . Howev e r ,  a s  many a s  e i g h t  days h a v e  been  requ i re d  
fo r dryi ng . Once  dry i ng  was  c omp l e te d ,  the b a l e s  were  remov e d  f rom 
the b a rn a n d  t r a n s po r ted  to an adj ace n t  s torage  s he d . 
C HA PTER  fV 
E X P ER I MENTA L  PR OCEDURE  
I .  PARAMETER MO N I TOR I NG 
Severa l  p e r t i n e n t  p a r ame ters  were mo n i tored to determ i ne  the  
therma l pe rforman c e  of  the  s o l a r  a i r  h e a te r s . The  parameters  con­
s i dered  pert i n e n t  were tho s e  w h i ch  i n d i c a ted  t h e  amo u n t  of  u s a b l e 
h e a t  co l l e c ted  a n d  the  co l l e c to r  eff i c i e n cy .  T h e  amo u n t  o f  u s a b l e 
he a t  c o l l e c ted  co u l d b e  determ i ned  by know i n g  t h e  a i r tempera ture 
d i ffere n ti a l  t h ro u g h  t h e  h e a te r  a n d  the  ma s s  f l ow r a te of  a i r .  A i r 
temper a ture  d i ffere n t i a l  was  d e term i ned  w i th tempera tu re s e n s o rs 
l oc a ted  a t  the  a i r i n l e t  a n d  e x i t po i n ts o f  the  h e a te r . T h e  m a s s  
f l ow r a te w a s  i n d i c a te d  by a n  a i r v e l o c i ty s e n s o r  p o s i t i oned  i n  the  
o u tl e t  d uc t .  Co l l e c to r  eff i c i e n cy w a s  def i ned  a s  the  rat i o o f  the  
amo u n t  of  u s a b l e h e a t  c o l l e c ted  to  the to ta l  amo u n t  of  rad i a n t  e n e rgy 
th a t  was  i n c i den t on the  p l a te .  The  to tal  amo u n t  of r a d i a n t  e n e rgy 
was  meas ured  w i th a pyranome te r .  
Add i t i o n a l  pa rame ters were mo n i tored to g i v e f u r ther  i n s i g h t  
i n to the opera ti on  of  s o l a r  a i r he a ters  u s e d  f o r  o n - f a rm c ro p  d ryi n g . 
I nc l uded  i n  t h e s e  w a s  re l a t i v e  hum i d i ty .  A m e a s u remen t of  re l a t i v e  
humi d i ty f o r  a g i v e n  amb i e n t  a i r temperatu re made  i t  po s s i b l e  to 
exam i n e  the d ry i n g  po ten ti a l  of a i r t h a t  w a s  commo n l y  pre s e n t  on 
the typ i c a l  f a rm i n  Tenn e s see . F rom t h i s dryi ng  po ten t i a l , an 
appro x i m a te t i me req u i red fo r the dryi n g  of  the p a r t i c u l a r  crop  c o u l d 
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be e s t i m a ted . T h e  re l a t i v e  hum i d i ty m e a s u reme n t  wou l d a l s o  g i v e 
an i n d i c a t i on  of  the  e q u i l i b r i um mo i s ture c o n ten t w h i c h  wou l d be  
a t ta i n a b l e i f  no  heat  w a s  s u p p l i ed by the  h e a te r . 
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Tem pe r a t u re a t  v a r i o u s  l o c a t i o n s  thro u g h o u t  t h e  h e a te r  were 
a l so  mon i to red . Of  p a r t i c u l ar  i n teres t ,  t h e  tempe r a tu re of  o n e  po i n t 
on  the  a b s orber  p l a te w a s  me a s ured for e a c h  of  the  three  h e a te r s  
exam i n e d . Accord i ng to Wh i l l i er ( 1 9 7 7 ) ,  t h i s tempe r a ture  p l ayed 
an i mporta n t  r o l e i n  the amo u n t of  h e a t  w h i c h  w a s  l o s t  from the he ater . 
One  tempe r a t u re of  the  a i r  i n  the  p a s s ages  on  e i ther  s i de o f  the  
a b s orber  p l a te was  a l s o  mo n i to red . The  effec t i v e n e s s  of  the  h e a t  
tr an s fer  from the p l a te t o  t h e  a i r  s tream c o u l d t h e n  be  o b s e rv e d . 
I t  i s  th i s  h e a t  tr a n s fe r  coeff i c i e n t  t hat  Parker  ( 1 980 ) n o te d  w a s  
an i mporta n t  c r i te r i a i n  c o l l e c to r  de s i g n .  
Sev e r a l  parame te r s  were con s i dered to be  of  s e c o n d a ry i mportance  
i n  the i r  effec ts o n  th e therma l  performance  of  the  s o l a r  a i r h e a te rs 
and  were no t mo n i tored . T he  w i nd  v e l o c i ty a t  e a c h  s i te w a s  n o t  
mo n i to red . W i l c ke e t  a l . ( 1 9 7 9 ) n o ted  t h a t  w i n d  effec ts were no t 
s i gn i f i can t for v e l o c i t i es  b e l ow 4 . 5  m / s  ( 1 0 mp h ) . T h e  av erage  w i nd  
s peed  i n  Te n n e s see  i s  0 . 6 7 m/s  ( 1 . 5  mp h ) ,  a ccord i n g to  H o x i t ( 1 982 ) .  
I I .  I NSTRUMENTAT I ON SY STEM 
R e s e a r c h  h a s  of ten been l i m i ted  by d a ta acq u i s i t i o n i n  the  
f i e l d because  of  p ro b l ems a s s o c i ated  w i th e q u i pmen t ,  d a ta retr i e v a l , 
and  data  i n te rpre t a t i o n . T h e  mo n i to r i ng  of  the  s o l ar  a i r h e a ters  
w a s  u n de r  c h a l l en g i n g  c o n d i t i o n s : the  o n - farm env i ronme n t  was  o f ten  
v e ry h a r s h  w i th  e x tremes  of tempe r a ture , hum i d i ty ,  a n d  d u s t .  T h e  
te s t  s i te s  w e r e  al s o  l o c a ted  s evera l  h u n d re d s  of  m i l e s a p a r t ,  a n d  
a l a rge amo u n t  o f  d a ta c o u l d be  co l l ec ted on e a c h  f a rm . 
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T o  meet  the  v a r i o u s  demands  of  mon i to r i ng  t h e  s o l ar  a 1 r h e a te rs , 
a m i crocom p u te r- b a s e d  d a ta acq u i s i t i on sys tem w a s  dev e l o pe d ,  a n d  i s  
s hown i n  F i g u re 2 9 . T h e  sys tem c o n s i s te d  of h a rdw are a n d  s o ftware 
comp r i s i n g f i e l d u n i ts a n d  a h o s t  comp u te r . 
M i c rocomputers  w i th a s s o c i a te d  per i p hera l  e q u i pme n t  were mo u n ted  
i n  i ne xpen s i ve s u i tc a s e s  a n d  u sed  as  u n a ttended  f i e l d u n i ts  a s  s hown 
i n  F i g u re 3 0 . Three  f i e l d u n i ts e a c h  s i mu l taneo u s l y mo n i tored u p  
to 1 6  c h a n n e l s of  i n p u t  w h i c h co n s i s ted  o f  s o l a r  rad i a ti o n ,  re l a t i v e  
humi d i ty ,  a i r v e l o c i ty ,  a nd  tempe r a tures  a t  v a r i o u s  l oc a t i o n s  w i th i n 
the  d ryi ng  sys tem . Mon i to r i ng  i n c l u ded  the  s amp l i n g of  e a c h  c h a n n e l  
a t  o n e  m i n u te i n te r v a l s ,  t h e  averag i n g of  s amp l e s  for  1 5 - m i n u te 
i n te rv a l s ,  a nd  u p  to 48- hour  s to rage c a p a c i ty of  a l l i n te rv a l  averag es . 
To e l i m i n a te m a ny tr i p s to e a c h  s i te ,  d a ta were re tr i ev e d  by a hos t 
comp u te r  w h i c h cou l d c o n t a c t  e a c h  f i e l d u n i t v i a the  p u b l i c  tel ephone  
n e two r k . T h e  ho s t  c om p u te r  i s  s hown i n  F i g u re 3 1 . D a ta were  then  
tra n s ferred  to  a l arge m a i nframe compu te r  where  they c o u l d be a n a l yzed . 
Hardware  
The  f i e l d u n i t h a rdw are con s i s ted  o f  s e n s o r s , m i c ro comp u te r ,  
and  au to - a n swer  mo dem . T h e  m i c rocompu te r  a n d  au to - a n swer  modem are  
s hown i n  F i g u re 3 2 . S e n s o r s  were c h o s e n  s u c h  th a t  o u tpu t c o u l d be 
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F I GURE 2 9 . B l o c k  d i a g r am of  d a ta acqu i s i t i o n sys tem u s e d  to mon i to r s o l a r  a i r h e a te r s  l o c a ted  
at  o n - f a rm te s t  s i te s . 
F I GU R E  30 . O ne  of th ree u n a tte n de d  m i c rocomp u te r - b a s e d  f i e l d u n i t s  u s e d  to co l l ec t  a n d  s tore  
s o l a r  a i r h e a te r  d a t a . 
F I GURE  3 1 . Ho s t  c ompu te r sys tem u se d  to c o n t a c t  e a c h  f i e l d u n i t v i a  te l ephone  to re tr i eve  s o l ar  
a i r h e a te r  d a t a . 
F I GURE  3 2 . F i e l d u n i t m i c rocomp u ter  w i th a s s o c i a te d  per i p h e r a l  
e q u i pme n t  mo u n ted  i n  i n expen s i v e s u i tc a s e . 
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u s e d  a t  e a c h  f i e l d s i te were  a pyra nome te r ,  a n emome te r ,  re l a t i v e  
hum i d i ty s e n s o r ,  a n d  tempe r a tu re tra n s d u ce r s . 
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A Ho l l i s  O b s e rv a tory Mode l  MR - 5  pyranome te r ,  s hown i n  F i gure  
3 3 , was  u s ed to m e a s u re s o l a r  ra d i a t i o n . By  d e f i n i t i on , the  pyrano­
me te r  me a s u red  d i rec t a n d  d i ffuse  ra d i a t i o n . T he  Ho l l i s  Pyranome te r 
w a s  a s i l i co n  b a s e d  a n d  temper a tu re- compe n s a te d  u n i t ( Ho l l i s  O b s e rv a to ry ,  
1 98 1 ) - - one  o f  Ho l l i s '  l e s s  expe n s i v e pyranome te r s . O ne  r e a s o n  t h i s 
model  was  n o t  a s  expe n s i v e a s  o th e r  mode l s w a s  bec a u s e  the  MR- 5 o n l y 
me a s u re d  the  l ower  p a r t  ( 0 . 3 5 w to 1 . 2  w )  of  the  s o l ar  s pe c trum . 
S i n c e  the  u ppe r p a r t  ( 1 . 2  w to 3 . 2  w )  of  the s o l a r  s p e c trum w a s  n e a r l y 
a l ways propo r t i o n a l  to the  l ower  p a r t ,  the  MR - 5  pyranome te r w a s  
c a l i b r a ted  a t  t h e  f a c to ry t o  g i v e a v o l tage o u tpu t ( < 1 00 mv ) propor­
t i o n a l  to the  to ta l  s o l a r  s pec trum . 
An a n emome te r ,  s hown i n  F i g u re 34 , w a s  deve l oped  to me a s u re 
a i r v e l o c i ty i n  the  o u t l e t  d u c t  from the  h e a te r .  V e l o c i t i e s ranged  
from 1 3 7 m /m i n ( 4 5 0 f t /mi n )  to  442  m/m i n ( 1 4 5 0  f t/m i n ) . V o l tage  
ou tpu t (0  to 2 v )  propo r t i o n a l  to  a i r v e l o c i ty ,  was  m e a s u re d  a c ro s s  
a Whe a t s to n e  b r i dge . T h e  b r i dge  con s i s ted  of two t herm i s to r s  a n d  
two 200  Q p re c i s i o n re s i s to r s . T he  p r i n c i p l e of o p e r a t i on  w a s  b a s e d  
on  t h e  fac t th a t  the  re s i s ta n c e  of  a t herm i s to r  v a r i e s  propo r t i o n a l l y  
w i th i ts s u rro u n d i ng  tempe r a tu re ( Feddes  a n d  McQ u i tty ,  1 980 ) . 
Therm i s to r s  are  sem i c o n d u c to r  e l eme n ts w h i c h h ave  a l a rge nega t i ve  
tempera ture coeff i c i e n t  of  re s i s t i v i ty .  T he  e l emen ts are  fab r i c a ted  
from s i n te re d  meta l  o x i des  ( n i c k e l ; coba l t ,  mangan e s e ,  s i l i c a te s ) 
and  s u l f i de s  ( i ro n , a l um i n um , c o pper ) ( Ye l l ow S p r i n g s  I n s trume n t ,  1 982 ) .  
F I GURE 3 3 . Pyranome te r i n terfaced  to f i e l d u n i t  m i c ro comp u te r  to mo n i tor  s o l a r  r a d i a t i o n  
i n c i de n t  o n  s o l a r  a i r h e a te r  c o l l e c to r  s u rface . 
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F I GURE  34 . T h e rm i s to r  type anemome te r i n terfaced  to f i e l d u n i t m i cro­
compu te r  to  mo n i to r a i r e x i t v e l o c i ty f rom s o l a r  a i r 
h e a te r . 
One  therm i s to r  w a s  p l a ced  i n  and  coo l e d  by the  a i r s tream i n  w h i c h  
the v e l o c i ty w a s  b e i ng  mea s u re d .  The  o ther  therm i s to r  me a s u re d  the  
tempera ture of  s ta t i c a i r c r e a te d  by a defl e c tor  l o c a te d  i n  the  a i r 
s tream . Upon  c a l i b r a t i on , a s e r i e s  of l i ne a r  c u rv e s  w a s  o b ta i ne d  
for d i fferen t  a i r s tream tempera ture s wh i c h ranged  f rom 2 7 ° C - 6 0 ° C  
( 80 ° F- 1 40 ° F ) .  T h i s r a n g e  of  a i r tempe r a tu re s  w a s  expec ted to co-
i n c i de w i th the  o u tl e t  tempe ratures  from the  h e a te r s . Proc  G LM of  
S ta t i s t i c a l  Ana l ys i s  Sys tem ( B l a i r ,  1 9 7 9 ) w a s  then  u s e d  to o b ta i n 
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a m u l t i p l e regre s s i o n e q u a t i on  of  the  o u tpu t c u rv e s . T h e  regre s s i o n 
eq u a ti o n  i s :  
A i r Ve l o c i ty ( m /mi n )  = - 1 420  + 7 1 5  Ac ro s s  ( v )  
.(Po ten t i a l ) 
( 
Br i dge 
A i r . ) 
+ 6 . 2  Tempe r a tu re ( ° C )  
. 
( 4 . 1 )  
( A i r V e l o c i ty ( f t/m i n )  = -4660  + 2 3 4 7  (��;� �� i a l ) ( v )  
B r i dge  
+ 3 6 . 7  (���pera ture) ( ° F ) ) 
Re l a t i v e  h um i d i ty w a s  me a s u red w i th Thunder  S c i e n t i f i c P C- 2 1 0 1 
mo d u l e s . The  m o d u l e s , s hown i n  F i gure 3 5 , co n s i s te d  of  a BR- 1 0 1 B 
hum i d i ty s e n s o r  a n d  a s i g n a l  c o n d i t i on i n g c i rcu i t . T h e  v o l tage o u t-
pu t from the  c i rc u i t w a s  propo r t i o n a l  to re l a t i v e  hum i d i ty t h a t 
ranged  from 1 0  to 90  perce n t .  The  phys i c a l  theory of  oper a t i o n  co u l d 
be e xp l a i n ed  by e x am i n i n g the  s e n s o r ( Th u n de r  Sc i e n t i f i c ,  1 981 ) w h i c h 
w a s  co n s tr u c te d  of  n o b l e meta l  m�ter i a l s .  T h e s e  m a te r i a l s were 
s tr u c tured  to be  h i g h l y  po rous  a t  a mo l ec u l a r  l ev e l  so  th a t  mo l ec u l e s  
o f  water  v a por co u l d d r i f t  free l y  i n to and  o u t  of  t h e  s truc ture . 
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F I GURE  3 5 . R e l a t i v e  h um i d i ty mod u l e s  i n terfaced  to f i e l d u n i t m i cro­
comp u te r s  to  mon i tor re l a t i v e  h um i d i ty of  amb i e n t  a i r  
a t  s o l a r  a i r h e a te r . 
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Mo l e c u l a r  w a te r  d i po l e s  i n te ra c ted  w i th  the  l a t t i ce  of  the s tr u c tu re 
wh i c h re s u l ted i n  e l e c tron  t u n n e l i n g .  E l e c tron  t u n n e l i n g c a u s ed 
the s tructure to v a ry i n  c omp l ex i mpedance  and  res i s ta n c e . V o l tage 
s u pp l i e d by the  s i g n a l  con d i t i on i n g c i rc u i t acro s s  the  s e n s o r  s tru c tu re 
wou l d  then  v a ry w i th mo l e c u l ar  dens i ty of the  w a te r  d i po l e s . O u tp u t  
v o l tage  typ i c a l l y  v a r i e d  from 0 . 5  t o  4 . 0  v and  w'a s  non - l i n e a r  w i th 
re l a t i ve  hum i d i ty .  
Tempe ra tu re w a s  s e n sed  w i th An a l og Dev i c e s  AD5 90  tempe r a tu r e  
tra n s d u ce r s . T h e  tran s d u c e r , s hown i n  F i g u re 36 , c o n s i s te d  of  a two­
term i n a l  i n te g r a te d  c i rcu i t w h i c h  produced  an  o u tp u t  c u rren t pro­
po r t i o n a l  to  a b s o l u te tempera ture ( An a l og  Dev i ces , 1 98 1 ) .  S i n c e  
t h e  c i rc u i t o u tpu t was  a h i g h i mpedance  c u r re n t ,  the  s e n s o r  w a s  i n ­
s e n s i t i ve to v o l tage  d ro ps over  l o n g  l i ne s . T h e  tr a n s du c e r s  c o u l d 
a l s o  be i n te r - c h a n g e d  w i th o u t  re c a l i br a t i o n . Va r i a t i o n  amo n g  the  
th i n  f i l m  re s i s to r s  of  the  c h i p s  w a s  reduced  by  the  use  o f  l a s e r  
tr i mm i n g . T h e s e  l a s e r  tr i mmed re s i s to r s  converted  t h e  v o l tage o u tp u t  
o f  two s i l i c on  tra n s i s to r s  t o  an  o u tpu t cu rren t .  T h e s e  t r a n s i s tors  
were  respo n s i b l e  fo r the  tempera ture propo r t i o n a l c ha r a c te r i s t i c s  
of t h e  s e n s o r  ( An a l og  Dev i ce s , 1 98 1 ) .  The  AD5 90  u s e d  the  f u n d amen ta l  
pro perty tha t i f  two i den t i c a l  tra n s i s tors  were  o p e r a te d  a t  a c on s ta n t  
rat i o of  c o l l e c to r  c u r ren t de n s i t i e s , r ,  then  t h e  d i ffere n c e s  i n  
the i r b a s e - em i tte r  v o l tage s wou l d be : 
where 
1:1 V = ( ( KTQ ) / l n r )  
6V d i ffe rence  i n  b a s e - em i t ter  vo l tage ( V ) ; 
( 4 . 2 )  
F I GU R E  36 . Tempe r a tu re t r a n s ducer  i n terfaced  to f i e l d u n i t m i c rocomp u te r  to mon i tor temp e r a tu re 
a t  s o l a r  a i r h e a te r .  
K B o l tzm a n n ' s  con s tan t ( J / (mo l e c u l e · ° K ) ) ;  
T = tempera tu re of  s e n s o r  ( ° K ) ; 
Q = c ha rge  o n  an  e l e c tron  ( C ) ; 
r con s tan t ra t i o of  co l l e c to r  cu rren t den s i t i e s .  
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The  v o l tag e s  t h a t  re s u l ted w e r e  d i re c tl y propo r t i o n a l  t o  a b s o l u te 
temperature  ( PTAT ) , s i n c e  Bo l tzma n n ' s  c o n s t a n t  a n d  the  c h a rge o n  an  
e l e c tron  were con s ta n t .  T h i s PTAT v o l tage w a s  c o n v e r ted  to a PTAT 
cu rren t by the th i n  f i l m  re s i s to r s . The d i ffe rence  b e tween  the i n ­
d i c a ted  temper a tu re of  the  PTAT c u rren t a n d  the  a c tu a l  tempe r a tu re 
w a s  def i n e d  a s  c a l i bra t i on  e rror . The  c a l i b ra t i o n  e rro r w a s  the  
p r i mary c o n tr i b u to r  to  the  max i mum to ta l  e r ro r  of  t h e  s e n s o r  ( An a l og 
Dev i ce s ,  1 981 ) .  E rror  cou l d be  reduced  by adj u s t i n g  a 1 00 o hm 
poten t i ome te r th a t  was  p l aced  i n  s e r i e s  w i th  the  s e n s o r . A 9 5 0  o hm 
pre c i s i o n re s i s to r  w a s  a l s o  p l aced i n  s e r i e s  w i th the  s e n s o r . T h e s e  
re s i s tors  i n d i c a te d  t h e  PTAT c u r re n t  w i th a v o l tage  s i g n a l  for  t h e  
m i crocompu te r A/D  b o a r d . T he re s i s to r s  a n d  n e ce s s a ry c o n n e c te rs 
were moun ted on  an a u x i l i a ry b o a rd , s hown i n  F i g u r e  3 7 , th a t  w a s  
fab r i c a ted  i n - ho u s e  a n d  p l aced i n s i de t h e  f i e l d u n i t s u i tc a s e . T h e  
v o l tage s i g n a l  t o  the  m i c ro compu te r  was  adj u s te d  s o  th a t  1 mv e q u a l ed  
1 o K  ( 1 . 7  ° R ) . Adj u s t i n g  w a s  ac compl i s hed  at  a s i n g l e k nown tempera­
ture . Dev i a t i o n s  b e tween  the  i n d i c a te d  tempe r a tu re ( by s e n s o r ) and  
the a c tu a l  tempe ra tu re at  o th e r  tempe r a tu re s  re s u l ted f rom non l i n e a r i ty 
of  the  s e n s o r .  No n l i n e a r i ty e rror was  a s ec o n d a ry c o n tr i b u te r  to 
the max i mum to ta l  e r ro r  of the  s e n s o r  ( An a l og Dev i ce s , I n c . , 1 981 ) .  
I n p u t  v o l tage  i n s e n s i t i v i ty w a s  a nother  conven i e n t  f e a t u re of  the  
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F I GURE  3 7 . F a b r i c ated  board  to i n terface  s e n s o r s  to f i e l d u n i t m i c ro­
com p u te r  u se d  to  mon i to r  s o l a r  a i r  h e a te r .  
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AD5 90 . T h e  u s e  of d i ffere n t  s u pp l y v o l tages  ( l ow DC ) d i d no t c h a n ge 
the  PTAT n a tu r e  of  the  s e n s o r .  D i fference  i n  o u tp u t  w a s  eq u i v a l en t 
to a c a l i b r a t i o n  e rror  a n d  w a s  removed  by po te n t i ome ter adj u s tmen t .  
For  the  f i e l d u n i t a p p l i c a t i on , the  5 v power  s u p p l y o f  the  m i cro­
compu te r  w a s  u s ed  to p ower  the  s e n so r .  
The  f i e l d u n i t compu te r s , a s  s hown i n  F i g u re 3 2 , page  7 3 , 
were b u i l t from compo n e n ts b u t  were fu n c t i o n a l l y  e qu i v a l e n t  to D i g i ta l  
Equ i pmen t Corpora t i o n  ( D EC ) P D P- 1 1 /03 m i crocompu te r s . The  PDP - 1 1 /03  
m i crocomp u te r  w a s  a memb e r  of  the Large Sca l e I n te g ra t i o n  ( LS I - 1 1 )  
fami l y  produced  by D E C . Al tho u g h  DEC  had  i n trodu ced  fa s te r  a n d  mo re 
powe rfu l  v e r s i o n s  of the LS I - 1 1 ,  the LS I - 1 1 /2 w a s  c h o s e n  as the  mode l  
for  the  f i e l d u n i t ( W i l h e l m et  a l  . ,  1 9 82 ) . T h e  c ompu t i n g  power  of  
the  LS I - 1 1 /2 p ro v i ded  v a s t  overk i l l  i n  the  execu t i o n  ta s k  of  the  
f i e l d u n i t . S tand ard  fe a tures  i nc l uded  c o n s o l e Oc ta l  Debugg i n g 
Tec hn i que  ( ODT ) ,  a pop u l ar i n s truc t i on  se t ,  an d a modu l a r  compone n t  
de s i gn w h i c h  w a s  e a s i l y  c o nf i g ured  and  u pgraded  ( D i g i ta l  Equ i pme n t  
Co rp . , 1 98 1 a ) . T h e  f i e l d u n i t  m i c ro compu te r  c o n s i s ted  o f  powe r s u pp l y ,  
bac k p l ane , c a rdc a g e , LS I - 1 1 /2 m i c ro p ro c e s s o r  b o a rd , MXV  1 1 - AA m u l t i ­
func t i o n  mod u l e ,  a n d  a 1 6 - c h a n n e l  ( d i ffere n t i a l  i n p u t )  a n a l og  to 
d i g i ta l board ( W i l h e l m e t  al . ,  1 982 ) .  
A D E C  Mode l  H780- H powe r s u pp l y was  u s e d  fo r s u pp l y i n g  DC  
operat i n g  v o l tage  to  the  LS I - 1 1  b u s  b a c k p l ane . I n  add i t i o n  to  pro­
du c i ng DC  o p e r a t i n g  v o l tages  ( + 5 v  a n d  + 1 2 v ) for  sys tem compo n e n ts , 
the power  s u p p l y h a d  l o g i c  s i g n a l  genera t i o n  c i rcu i ts t h a t  pro duced  
LS I - 1 1  b u s  s i g n a l s ( D i g i ta l  E q u i pme n t ,  1 98 1 a ) . The  l og i c s i g n a l  
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genera t i o n  c i rcu i ts prov i de d  for proper  power  s e q u e n c i n g  of the  
proce s s o r ,  gener a t i o n  of  the  L i n e - T i me C l o c k  ( LTC ) , a nd  power  su pp l y 
s tatu s  s i g n a l s .  T h e  proce s s or  and  power  s u p p l y s ta te s  c ou l d be  
v i s u a l l y  mon i tored  by  RUN  and  DC  on  i n d i c a te r s  l oc a ted  on  a c o n s o l e .  
The  sys tem c ou l d be  co n tro l l ed m a n u a l l y  from the  c o n s o l e w i th E NAB L E /  
HALT , L T C  O N /  L T C  OFF , a nd  DC  O N /  DC O F F  sw i tc h e s . Au toma t i c con tro l 
of  overcurre n t ,  o v e rv o l tag e ,  s l ow v o l tage b u i l du p ,  l ow l i n e  v o l tage , 
and  s ho r t- c i rc u i t pro te c t i o n  w a s  p rov i ded  by h i g h - frequency , l ow 
v o l tage  sw i tc h i ng  re g u l a to r s  and  a mu l t i p l e x i n g  s c heme ( D i g i ta l  
Equ i pme n t  Corp . , 1 98 1 a ) .  
The  LS I - 1 1  b a c k p l ane  w a s  a b u s - o r i e n te d  i n te rface  b e tween 
tne  LS I - 1 1 /2 m i c ro p ro c e s s o r  board , MXV 1 1 - AA m u l t i fu n c t i o n a l  modu l e ,  
a nd  the  1 6 - c h a n n e l  a n a l og  to d i g i tal  board . I n  order  to i n ter­
commun i ca te ,  e ac h  dev i ce w a s  a s s i gned  an  i nd i v i d u a l  word ( 1 6 - b i t )  
addre s s . T h e  b u s  w a s  s tru c tu red  w i th a po s i t i o n  depende n t  p r i o r i ty 
for i n te r r u p t s  ( D i g i t a l , 1 98 1 a ) . The  LS I - 1 1  c ardcage  p hys i c a l l y  
s u p po r te d  the  dev i ce s  ( bo a rd s ) tha t p l ugged  i n to the  b a c k p l ane . 
The  LS I - 1 1 /2 m i c ro p ro ce s s or  board  execu te d prog rams and  
arb i tra ted  u s age  o f  t h e  b a c k p l ane  for memo r i e s  and  pe r i p h e r a l s .  
Con tro l , i n p u t - o u tpu t ,  a r i thme t i c and  l og i c a l  opera t i o n s  w e re per­
fo rmed by  the  pro c e s s o r  mo du l e l oc a ted  on  the  board . T h e  LS I - 1 1 /2 
pro c e s s o r  modu l e o n  the  f i e l d u n i t con ta i ned  one  con trol  c h i p ,  one  
d a ta c h i p ,  a nd  two m i c ro i n s tru c t i o n  ROM  c h i p s  ( M I CROMS ) ( D i g i ta l  
Equ i pmen t ,  1 98 1 b ) . The  con tro l c h i p i n terfaced  the  m i c ro p roce s s o r  
c h i p s t o  e i g h t  i n p u t  a n d  f i v e  o u tp u t  proce s s o r  mod u l e con trol  s i g n a l s .  
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The  fu n c ti o n  of  the  c o n tro l  c h i p  was  to decode i n s tru c t i on s ,  h a n d l e 
i n terrup ts , a n d  d i rect  the  f l ow of i nforma t i on . Depe n d i n g  upon  the  
c o n tro l s i g n a l s ,  t h e  c o n trol  c h i p performed i ts f u n c ti o n  by the  
genera t i o n  of  a s pe c i f i c  s equence  of m i c ro i n s tr u c t i o n  addre s s e s . 
T hese  addre s s e s  w e re c omm u n i c a te d  to the  M I CROM c h i p s  v i a  _t he  M i cro­
i n s tr u c t i o n  Bus  ( MB )  w h i c h  p rov i de d  i n terc h i p  c omm u n i c a t i o n ,  amo ng  
the  four  proce s s o r  modu l e c h i p s . The  fu n c ti on  o f  the  M I CROM c h i p s  
w a s  to  i mp l eme n t  a s e l f - c o n ta i n e d  m i crocode  th a t  e xe c u ted  the  b a s i c  
PDP- 1 1  i n s truc t i o n  s e t ,  the  ODT opera n d s , a n d  t h e  l a n g u age c h a ra c ters  
of the  Ame r i c a n  S ta n d a rd Code  fo r I nform a t i o n  I n te rc h ange  ( AS C I I ) .  
The  M I CROM c h i p s  then  tra n s ferred the  addre s s e d  m i c ro i n s tr u c ti o n  
to t h e  d a t a  a n d  c o n tro l  c h i p s  v i a  the MB . T h e  con trol  c h i p e xe c u ted  
v a r i o u s  b r a n c he s , j ump s , a n d  I /0 opera t i on s ,  b u t  mos t o f  the  m i c ro ­
i n s tru c t i o n s  w e r e  e xe c u te d  b y  t h e  d a ta c h i p .  T h e  d a ta c h i p a l s o  
fu n c ti oned  a s  a commu n i c a t i o n s  l i n k  be tween  t h e  m i c ro p ro c e s s o r  c h i p s  
a n d  o ther  commu n i c a t i o n s  l i n k be tween  t h e  m i cropro c e s s o r  c h i p s  and  
o ther  proc e s s o r  mo du l e f u n c t i o n a l b l o c k s  v i a  the  1 6 - b i t d a ta / addre s s  
LS I - 1 1  b u s  l i ne s . T h e  data  c h i p con ta i ned  the  Ar i thme t i c Log i c U n i t  
( A LU ) , d a ta pa th s , l og i c ,  proc e s s o r  s ta t u s  b i ts ,  a n d  reg i s ters . 
Amo n g  the s e  re g i s te r s  were e i g h t  h i g h - s peed , 1 6 - b i t genera l  reg i s te r s . 
The  prog ram h a d  a c c e s s  to the  genera l  reg i s ters  w h i c h  c o u l d serve  
a s  a c c umu l a to r s , a ddre s s  po i n ters , i ndex  reg i s te r s , a u to i n c reme n t  
reg i s te r s , a u tod e c reme n t  reg i s te rs , o r  a s  s ta c k  po i n te r s  for temporary 
s torage  of  d a ta . Ar i thme t i c operat i o n s  cou l d take  p l ace  be tween  
genera l  reg i s te r s , amo n g  memory l o c a t i o n s , or  b e tween  a memory 
l o c a t i o n  a n d  a g e n e r a l  reg i s te r .  
86 
A DEC  Model  MXV 1 1 - AA m u l t i fu n c ti o n  modu l e was  u s e d  for  memory 
s torage  and  c ommu n i c a t i o n  to the  a u to - a n swer  modem . T h e  b o a rd p l u gged 
i n to the  LS I - 1 1  b a c k p l a n e  adj a ce n t  to  the  proce s s o r  b o a rd . T h e  mu l t i ­
fu n c t i o n a l  modu l e prov i de d  two types  of  memo ry s to rage  for the 
proc e s s o r  board  ( D i g i ta l  E q u i pme n t ,  1 98 1 c ) .  One type of  memo ry on 
the  MXV 1 1 - AA was E l e c tr i c a l l y  Programma b l e Read O n l y Memo ry ( E PROM ) . 
· Two  E PROM c h i p s  ( 8k by te s  R OM ) con ta i ned  the  pro g r am w h i c h  was  
execu ted by  t h e  f i e l d u n i t .  The  s econ d type o f  memo ry o n  the  MXV 
1 1 - AA was  R andom Acc e s s  Memo ry ( RAM ) . Several  RAM c h i p s  ( 8k bytes  
RAM ) prov i de d  mem o ry s to rage  for f i e l d u n i t d a ta . Appro x i m a te l y 
48 hours  o f  d a t a  s am p l i n g cou l d be s to red  i n  RAM . I f  the  1 2 0  VAC 
power  s u p p l y to th e f i e l d u n i t was  d i s ru p te d ,  d a ta s to re d  i n  RAM 
was l o s t  ( W i l h e l m et a l . ,  1 982 ) .  S tored  d a ta was comm u n i c a ted  to 
the au to- a n swer  modem v i a  one of two s e r i a l  I np u t/Ou tpu t ( I / O )  ports . 
A s econd  s e r i a l  I / 0 po r t  p rov i de d  commu n i c a t i o n  b e twee n the  f i e l d 
un i t  and  a term i n a l  for  f i e l d u n i t  te s t i ng . E l e c tron i c  I n d u s tr i e s  
As so c i a t i o n  ( E I A )  - 4 2 3  s i g n a l  l ev e l s f rom 1 5 0 b a u d  t o  3 8 , 400  b a u d  
cou l d be transm i tted  o r  rece i v e d  o n  t h e  two asyn c h ro n o u s  s er i a l  l i ne s . 
Commu n i c a t i o n  a t  300  b a u d  w a s  emp l oye d for bo th po r ts i n  the  f i e l d 
u n i t a p p l i c a t i on . 
A Bu rr- B rown Mode l  MP- 1 2 1 6 - PGA An a l o g /D i g i t a l  ( A/D ) bo a rd 
was  u s e d  to co n v e r t  s e n s o r  v o l tage s i g n a l s to d i g i ta l  code . T h e  
b o a r d  w a s  e l e c tr i c a l l y  and  mecha n i c a l l y  c ompa tab l e  w i th t h e  D E C  
LS I - 1 1 /2 fam i l y  of  c om p u te r s  (Bu r r - B rown , 1 9 7 9 ) . I n te rfac i n g of 
the board to the  c ompu te r requ i red  the i n s e r t i on  of  the  board i n to 
the  f i e l d u n i t b a c k p l a n e . The  addre s s e s  were u s e r  s e l e c ta b l e a n d  
co u l d be p l a ced  anyw he re i n  the  u p per 4 k  byte s of  memo ry . T h e  A/D  
board  w a s  c a p a b l e of c o n v e r t i n g  u p  to  16  c h a n n e l s of  d i ffere n t i a l  
a n a l og i n pu t .  T h i s a n a l og  i n p u t  was  co n d u c te d  from s e n s o r  l e a d s  to 
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the A/D  board v i a a term i n a l  board  and  r i bbon  c a b l e t h a t  were con s tr u c ­
te d i n - hou s e . Ope ra t i o n s  of t h e  A/D  b o a r d  was  i mp l eme n ted  by 
programm i n g  th e board  to be a c c e s s e d  a s  two 1 6 - b i t memory l oc a t i on s .  
O ne  memo ry l oc a t i o n  w a s  a s s i gned  to be a Read/Wr i te d a ta reg i s te r  
and  t h e  o th e r  w a s  a s s i gned  a s  a Con tro l / S ta tu s  reg i s te r .  Convers i o n s  
were s tarted  by w r i t i n g  th e c h an n e l  number to the  appro p r i a te b i ts 
of the  data  reg i s te r .  T h i s w r i te opera t i o n  s e l e c te d  the  proper  
a na l og  m u l t i p l exer  c h a n n e l  a n d  tr i ggered  a de l ay . The  de l ay a l l owed 
t i me for the  m u l t i p l exe r ,  i n s trume n t  ampl i f i e r ( s o f tw a re p rogramma b l e 
g a i n s tored  i n  a n  o n - board RAM ) , and  s amp l e / h o l d ampl i f i e r to s e tt l e 
to the n ew v a l ue  of  the  c h a n n e l . At  the  e n d  o f  the  d e l ay t i me ,  the  
s amp l e / ho l d am p l i f i e r s w i tched  to  the  ho l d mode . W i th  a new c h a n n e l  
v o l tage h e l d co n s tan t ,  the  A / D  con v e r te r  s ta r ted  the  c o n v e r s i o n .  
T h i s  convers i o n w a s  u n i que  and  i ndependan t of  the  re s u l ts of  the  
prev i o u s  conve rs i o n .  B u rr- B rown u s e d  a s u c ce s s i v e - approx i ma t i on  
type of  A/D  co n v e r te r  on  t h i s board  ( B u rr- B rown , 1 9 7 9 ) . The  
s u cc e s s i v e - a p p ro x i m a t i o n  type conve rte r  h a s  been  w i de l y u s e d , e s pe ­
c i a l l y  for i n terfa c i n g  w i th comp u ters  ( An a l og Dev i c e s , 1 9 7 7 ) . T h i s 
type of  c o n v e r te r  u s e d  a comp a r a tor  t hat  compa re d  the  u n k nown  a n a l og  
s i g n a l  to  a k nown a n a l og  s i g n a l  genera ted  by a d i g i ta l /an a l og  ( D /A ) 
c o n v e r te r  ( Da te l - I n te r s i l , 1 97 9 ) . Depen d i n g  on  w h e the r t h e  i n p u t  was  
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grea te r  t han  or l e s s  t han  the g e n e r a ted  v o l tag e ,  a h i g h ( l o g i c 1 )  
o r  a l ow ( l o g i c  0 )  s i g n a l  w a s  moved to the  o u tp u t  reg i s te r  of  the  
converte r . T h e  comp ar i s o n s  were repeated  u n t i l the  0/A  c o n v e rter  
gene r a te d  a s e r i e s  of  v o l tag e s . T h i s s e r i e s  b e g an w i th the  mo s t  
s i gn i f i c an t b i t ( MS B ) a n d  ended  w i th the  l e a s t  s i g � i f i c a n t  b i t ( LSB ) . 
The  n umbe r  of  v o l t a g e s  i n  t h i s  s e r i e s  gave  a r e s o l u t i o n  o f  1 2 - b i ts  
to the  f i e l d u n i t A/0 c o n v e r te r .  
A H ayes  S t a c k  Sma r tmodem fu n c t i oned  a s  the  au to - a n swer  modem 
for the  f i e l d u n i t .  T h e  p u rpose  of  the  a u to - a n swer  mo dem w a s  to 
prov i de a means  of  u n a ttended  commun i c a t i o n  b e tween  the  f i e l d u n i t 
m i c rocompu ter a n d  t h e  ho s t  m i c rocompu ter . T h e  a u to - an swer  modem 
operated  u n der  s o f tware  con tro l  when  commu n i c a ti ng  w i th the  h o s t  
u n i t .  The  h o s t a n d  f i e l d u n i t  modems wo u l d s e n d  a n d  re ce i v e m e s s ages  
over  the  p u b l i c  te l e phone  n e two rk . The  s e n d i n g  mo dem c o n v e rte d  
d i g i ta l  d a ta ( 3 00 b a u d ) from the  m i c ro compu te r  i n to a n a l og s i g n a l s 
th a t  were s u i ta b l e for  transm i s s i o n . T h e  rece i v i n g modem reve rsed  
the  proces s .  T h e  modem h a d  two func ti o n a l  s ta te s  o f  o pera t i o n  ( Haye s 
M i c rocompu ter P rod u c ts , 1 981 ) .  T h e  on - l i ne s ta te performed  the  modem 
f u n c t i on  of c o n v e r t i n g  d i g i ta l  data  to a n a l og s i g n a l s a n d  v i c e - v e r s a . 
T h e  l o c a l  command  s ta te a n a l yz ed a n d  e xe c u ted  s tr i n g s  of AS C I I  comman d s  
th a t  were i n pu t to t h e  modem . The  comman d s  co u l d be  i n pu t v i a  a 
te rm i n a l  k eybo ard  o r ,  a s  i n  the  c a s e  of  the  f i e l d u n i t ,  by program 
con tro l . The  progre s s  o f  the  f u n c t i ona l  s ta te s  co u l d be mo n i tored 
by a s e r i e s  of l i g h t  emi tt i ng  d i odes  ( LED ) and  an  a u d i o  mon i to r .  
Power-on  defa u l t o p t i o n s  o f  b o th fun c t i o n a l  s ta te s  were  con tro l l ed by 
the po s i t i o n i n g of  s e v e n  c o n f i g u ra t i on swi tc he s . 
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The  ho s t  u n i t h a rdware w a s  s h own i n  F i g u re 3 1 , page  7 2 . Hard­
ware con s i s ted  of  an  a u to- d i a l  mo dem , m i c rocomp u te r ,  te rm i n a l s ,  and  
d i s k  d r i v e s . 
H ayes S t a c k  Sma r tmodem a l so performed the  f u n c t i o n  o f  a u to­
d i a l  modem . T h e  3 00 baud  u n i t  made  the  c a l l s  to  each  of the  three 
f i e l d u n i ts .  C a l l i n i t i a t i o n  was  co n tro l l ed by the  h o s t  p rogram 
th a t  was  b e i n g  e xe cu ted by the  h o s t m i c rocompu te r . Once  the  c a l l 
w a s  made , t h i s modem p a r t i c i p a te d  i n  the  exchange  of  i nforma t i o n 
from the  a u to - a n sw e r  modem . 
The  h o s t m i crocompu te r w a s  a DEC  LS I - 1 1 /2 b a s ed compu te r .  A 
DEC  D LV l l - J  mu l t i f u n c t i o n  board i n terfaced  the  m i cro compu ter  to four  
asyn c h ro n o u s  s e r i a l  l i n e s  of per i phera l  eq u i pmen t ( Sm a r tmodem , c o n s o l e 
te rm i n a l , p r i n te r ,  a n d  c h ronog raph ) .  
A D E C  V T- 1 00 v i deo te rm i n a l  was  i n terfaced  to the  hos t m i cor­
comp u te r . The  te rm i n a l  prov i ded  v i s u a l  mo n i to r i n g  o f  ho s t  program 
execu t i on . D a ta t r a n s ferred  from the  f i e l d u n i t to the  ho s t  u n i t 
were d i s p l ayed on  the  s c reen  o f  the  te rm i n a l . Hard  copy of  the  d a ta 
co u l d then  be pr i n te d  f rom the d i s k  f i l e  of  d a ta by a D E C  LA- 1 2 0  
l i ne p r i n te r . 
A D E C  R LO l  h a rd d i s k  dr i v e w a s  u s e d  to deve l o p t h e  s o f tware  
for the d a ta acqu i s i t i o n sys tem . D a ta tra n s fe rred  f rom the  f i e l d 
u n i ts  were a l so  s tored o n  the  d i s k  u n t i l they were down l o aded  to 
the  l a rge ma i n f r ame  comp u te r  sys tem for  a n a l ys i s .  
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Softw a re 
Two p a c k a g e s  of  s o f tware were deve l oped to meet  the  fu n c t i o n a l  
n e e d s  of  t h e  i n s trume n t a t i on  sys tem . T h e  f i rs t p a c k age  w a s  a program 
to prov i de s ta n d - a l one  s u pport  for the f i e l d u n i ts . T h e  f i e l d u n i t 
softw a re c o n ta i n e d  rou t i n e s  fo r boots trap proced u re , d a t a  g a the r i n g  
and  s torage , commu n i c a t i o n s  w i th t h e  hos t u n i t , a n d  f i e l d tes t i n g  
( W i l h e l m e t  a l . ,  1 982 ) .  The  s e cond  p a c k age  w a s  a p rogram to m a i n ta i n 
the opera t i o n  of  the  h o s t  comp u te r .  T h e  h o s t  comp u te r  software  w a s  
u s e d  t o  i n i t i a te the  c a l l s  t o  each  f i e l d u n i t ,  tra n s fe r  d a ta , a n d  
s to re d a ta . 
The f i e l d u n i t s o f tw a re was  wr i tten i n  a s semb l y l an g u age and  
i s  s hown s c h em a t i c a l l y  i n  F i g u re 3 8 .  The  prog ram ta s k  con s i s ts  of  
two types  o f  c ompu ter c o n t ro l . T h e  f i r s t  type w a s  i n te r n a l  con tro l 
wh i c h began  w h e n  power  was  s u p p l i e d to the  compu te r .  T h e  power  u p /  
power  down rou t i ne  prov i de d  a mea n s  o f  boo ts tr a p , so  th a t  program 
execu t i o n c o u l d b e g i n a u tom a t i c a l l y  after a power  ou tage . T h e  second  
prog ram ta s k  w a s  i n p u t/ou tpu t con trol  t h a t  began  u po n  i n i t i a t i on  of  
prog ram execu t i o n .  D a t a  s amp l i n g w a s  then  taken  from e a c h  o f  the  
16  c h a n n e l s of  a n a l og  i n pu t .  
The  c h a n n e l s w e re s c an ned  a t  one-m i n u te i n te rv a l s a s  me a s u red  
by a l i ne  t i me c l o c k  i n terru p t  serv i ce rou t i ne  b a s e d  t i me r . The  t i me r  
a l so s e rv e d  a s  a c l o c k  a n d  c a l endar  so  t hat  t h e  s c a n s  c o u l d be averaged 
every 15  m i n u te s  a n d  s tored  w i th the i r a s s oc i a ted  t i me s  a n d  d a te s . 
When  the  f i e l d u n i t  was  c a l l ed to tran sfer  d a t a , mo dem h a n d l i n g 
w a s  ac comp l i s he d  w i th a p a i r of  compl eme n ta ry rou t i n e s  for i n p u t  a n d  
M O D E M  
H A N D L I N G  
I N P U T  I O U T P U T  D I A G N O S T I C  
,...--- PO R T  
C ON T R O L  H A N DL I N G  
D A TA 
S A M P L I N G  
P R O G R AM T A S K  -
T I M E R  I 
DA TA 
I N T E R N A L  M A N A G E M E N T · 
-
C O N T R O L  
B A C K G R O U N D  
D I A G N O S T I C S 
P O W E R  U P  J P O W E R  D O W N  
F I GURE  38 . S c hema t i c o f  f i e l d u n i t  s o f tware  th a t  governed  m i c rocompu te r  mon i to r i ng  of  s o l a r  
a i r h e a te r .  
92 
ou tpu t through  the po r t  a s s i gned  to the  modem . Once i n i t i a l i z e d  a n d  
execu ted , e a c h  rou t i ne re l i n qu i s he d  con tro l t o  the  o th e r  rout i ne , 
e l i m i n a t i n g  the  need  for  a ta s k  s c hedu l e r .  The  form a t  of  d a ta tra n s ­
m i s s i on w a s  to t r a n s f e r  d a ta i n  a s e r i es  o f  b i t g ro u p s  t o  t h e  hos t 
u n i t . I f  a l l b i t g ro u p s  w e re s u c c e s s fu l l y  tran s fe rred , the  copy of  
d a ta i n  the  f i e l d u n i t wou i d be  n u l l ed .  
Ano th e r  s u b ro u t i ne  prov i ded a means  of f i e l d u n i t te s t i n g  i n  
wh i c h the  u s e r  cou l d e x am i ne  the  b l o c k s  of  d a ta averages  a s  we l l a s  
a d i agno s i s  s umma ry of  t h e  comp u te r .  T h e  te s t i n g  rou t i ne a l so  pro­
v i ded  a command  w h i c h a l l owed  a s e cond  way to  n u l l the  s to red  d a ta . 
D i agno s t i c port  h a n d l i n g w a s  a c h i eved  w i th a compl emen tary p a i r of 
comp l e t i o n ro u t i n e s , s i m i l ar to the  modem h a n d l i ng ro u t i n e s . I n te r r u p t  
p r i o r i ty l ev e l s w e re a s s i g ned  i n  d e s ce n d i n g  o rd e r  t o  d a ta g a th e r i n g ,  
ho s t  commu n i c a t i o n s , a n d  f i e l d te s t i ng . T h e  p r i or i ty l ev e l s a l l owed  
for s i mu l taneo u s  data  g a th e r i n g ,  h o s t  commu n i c a t i o n s , a n d  f i e l d 
te s t i n g  w i thou t a n o t i c e a b l e de l ay i n  e i ther  s ub ro u t i ne execu t i on  
( W i l h e l m et  a l . ,  1 982 ) .  
The  ho s t  prog ram w a s  w r i t ten  p r i ma r i l y  i n  Fo r tr a n  l an g u a g e , 
w i th the  excep t i o n  of  a modem h a n d l i n g rou t i ne w h i c h  was  w r i tten  i n  
a s s emb l y l an g u age . T h e  ta s k  of  the  ho s t  program i s  o u t l i ned  i n  
Tab l e 2 .  T h e  prog ram w o u l d i n i t i a te the  c a l l to e a c h  f i e l d u n i t  by 
s u p p l y i n g  a te l e phone  n umber  to the a u to- c a l l modem . The  te l e p ho n e  
n umbe r s , a l o n g  w i th f a c to r s  fo r conver t i n g  d a ta t o  e n g i n e e r i n g  u n i ts ,  
were  s tored  i n  a d a ta f i e l d w h i c h the h o s t  program re a d . B e i n g  a 
d a ta f i l e , the  tel e p ho n e  n umbers  a n d  fac tors  c o u l d be  c ha n g e d  a s  needed  
w i tho u t  recomp i l i n g a n d  l i n k i n g the ho s t  p rog ram . 
TAB LE  2 .  T a s k  O u t l i n e of  Ho s t  Program t h a t  Gov e rned  Ho s t  Comp u ter  
D a ta R e t r i e v a l  from F i e l d  U n i ts 
1 .  Reque s t  f i e l d u n i t  n umber to be  d i a l ed  
2 .  Read  t he  c o n trol  f i l e  for the  f i e l d u n i ts 
3 .  Proc e s s  e a c h  f i e l d u n i t i n d i v i du a l l y  
a .  D i a l  t he  f i e l d u n i t 
b .  I n i t i a te c o n v e r s a t i on  w i th f i e l d u n i t 
c .  Read  c u r re n t  t i me 
d .  Read  d i agno s t i c s  
e .  Read  c o n f i gura t i on  
f .  Read  n umber  of  d a ta frames 
g .  Read  e a c h  d a ta f r ame 
i .  S tore  i n  d i s k  f i l e  
i i .  C h e c k  t i me for  con s i s te n cy 
i i i . Conv e r t  to e n g i n e e r i n g  u n i ts 
i v .  Wr i te e n g i nee r i n g  u n i ts to VT1 00 
h .  Squeeze  d a ta f rame s 
i .  Corre c t  t i me i f  needed  
j .  Hang  u p  f i e l d u n i t a n d  hos t 
4 .  Req ue s t  another  f i e l d u n i t n umbe r u n ti l u n i ts  h av e  been  d i a l ed 
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Once  the  u s e r  s pec i f i ed the u n i t to  be c a l l ed and  the  f i e l d 
u n i t n umber w a s  d i a l ed , the  hos t program wou l d mo n i tor c h e c k  to s e e  
i f  t h e  f i e l d u n i t a n sw e red  w i th i n  a s p ec i f i e d n umber  o f  r i n g s . I f  
the  f i e l d u n i t d i d n o t  a n swe r ,  the hos t program wo u l d i n form the  u s e r  
o f  th i s  a n d  requ e s t another  f i e l d u n i t n umber  to be  d i a l e d .  Howeve r ,  
i f  the  f i e l d u n i t d i d  a n swe r ,  wh i c h was  the c a s e  mo s t  o f  the t i me ,  
the  ho s t  program i n d i c a ted  u n i t connec t i on  and  the  p re s e n t  
s ta t u s  of  t h e  u n i t .  D a t a  were then  tra n sm i t te d  i n  groups , s i n c e  errors  
i n  transm i s s i o n w e re e a s i er to  detec t .  E a c h  g ro u p  o f  d a ta b i ts co n s i s ­
ted of a s er i a l  s tr i n g  o f  c h arac te r s . T h e  s tr i n g  began  w i th the  ASC I I 
c h arac te r s  O LE ( d e l i m i te r  c h ar a c te r ) a n d  STX ( s ta r t  of  te x t ) . Nex t ,  
the s tr i n g  con ta i n e d  ASC I I c h a ra c ters  that  repre s e n ted  e a c h  b l o c k  
of 1 5 -m i n u te a v e r a g e s  of  d a t a . F i n a l l y , t h e  s tr i n g  c o n c l u ded  w i th 
the  AS C I I  c h a r a c te r s  OLE , ETX  ( end  of  tex t ) , a n d  b i t cou n t  c h a r a c ters . 
The  b i t co u n t  c h a r a c te r s  were  then  exam i ned  by the  ho s t  comp u te r . 
I f  the n umber  of  b i ts rece i v e d  d i ffe re d  from the  n umber  s e n t ,  the  
ho s t  compu te r  wou l d s e n d  to the  f i e l d u n i t  the  AS C I I c h a r a c te r  NAK 
( n eg a t i v e  a c k n ow l edge ) . U po n  rece i v i n g a NAK , the  f i e l d u n i t wo u l d 
re- tran sm i t the  se r i a l s tr i n g  of  c ha r a c ter s .  More ove r ,  the  f i e l d 
u n i t wou l d be  NAK ' d  u n t i l a s u c c e s s f u l  tra n sm i s s i o n w a s  a c comp l i s hed . 
When  the  ho s t  u n i t  rece i ve d  a s u c c e s s f u l  transmi s s i on ,  i t  wou l d re p l y 
to the f i e l d u n i t w i th the ASC I I c h a ra c ter  ACK ( a c k n ow l edge ) . The  
f i e l d u n i t  wo u l d t hen  send  the  next  s tr i ng  of  d a ta u n t i l a l l d a ta 
were transmi tted to the  h o s t u n i t .  I n  the  mean t i me , the  h o s t  program 
s e n t  the  i n com i n g  d a ta to a f i l e  c re a ted  for  e a c h  d a i l y  c a l l to e a c h  
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f i e l d u n i t .  E a c h  d a ta f i l e  c o n ta i ned  the d a ta for the  p a r t i c u l a r  
day ,  i ts i de n t i f i c a t i o n ,  a n d  t i me of  d a ta s amp l i n g .  T h e  h o s t prog ram 
then term i n a te d  the  c a l l . The  procedure  of  c a l l i n g  the  f i e l d u n i t 
was  repeate d  u n t i l a l l f i e l d u n i ts had  been  po l l ed .  
I I I .  DATA ACQU I S I T I ON AND ANALY S I S  
The  f i e l d u n i ts  l oc a ted a t  each  c a s e  s tu dy s i te were  po l l ed 
d u r i n g  c ro p  dry i n g  per i o ds  i n c l u d i ng  F a l l ,  1 982 a n d  Sp r i n g ,  1 983 . 
S i n c e  c rop  h a rve s t i n g  w a s  i n f l uenced  a n d  p r i ma r i l y  determ i n e d  by the  
weathe r ,  i rreg u l a r  per i o ds o f  crop  dry i n g  o c c u rred . To n o t  m i s s  
g a ther i n g d a ta a t  any t i me s  when  the  h e a te r s  were  i n  u s e ,  the  f i e l d 
u n i t s  were c a l l e d a t  l e a s t  every o ther  day for abo u t  two mo n th s  i n  
the  fa l l  a n d  one  month  i n  the  s p r i ng . The  u n i ts  were po l l e d o v e r  
a s ho r te r  i n te r v a l  i n  t h e  s p r i n g  b e c a u s e  of  a l a te a n d  we t grow i ng  
s e a s o n . Commu n i ca t i o n s  b e tween  the  ho s t  a n d  f i e l d u n i ts  prove d  to 
be v e ry depe n d ab l e ,  e v e n  d u r i n g  hours  when  there w a s  m u c h  n o i s e  on  
the phone  l i ne . Appro x i ma te l y 9500 , 2 8000 , an d 1 8000 me a s u reme n ts 
of  u s ab l e d a ta were  ob ta i ned  d u r i n g  bo th d ry i n g  per i od s  from the  C a s e  I ,  
C a se  I I ,  and  C a s e  I I I  h e a ter  s i tes , respe c t i v e l y .  
The  d a t a  were  tra n s ferred for  a n a l ys i s  from the  hos t comp u te r  
sys tem t o  a D i g i ta l E q u i pme n t  Corpora t i o n - 1 0  compu ter sys tem ( D E C- l O ) 
v i a a s o f tw a re Commu n i c a t i o n s  L i n k  ( C L I N K ) . O r i g i n a l  d i s k  f i l e s con ­
t a i n i ng d a i l y  data  from e a c h  f i e l d u n i t were re ta i n e d  a n d  i de n t i f i e d 
w i th the o r i g i n a l  f i l e  n ame on  the DEC- 1 0 .  
The  D EC - 1 0  w a s  a l so  u s e d  to dev e l o p  two For tran prog ram s  to 
exami ne  the  tr a n s ferred  d a ta . The  f i r s t  program w a s  deve l oped  to 
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re duce  the data  a c c o rd i n g to the  use  of  the  h e a te r s  du r i n g  the  d ay­
l i g h t  hours  of o pe r a t i o n .  B l o c k s  of d a ta w i th s o l ar  rad i a t i on me a s u re­
me n t s  g re a te r  than  6 . 3  w;m2 ( 2 B tu / h r- f t2 ) were s o r ted  f rom the  
o r i g i n a l  d a ta f i l e s a n d  c o p i ed  to a new f i l e . The  v a l u e  of  s o l a r  
ra d i a t i o n  c ho s e n  f o r  t h e  sort i ng  w a s  b a s e d  on  the  o b s e rv a t i o n  th a t  
s o l ar  rad i a t i o n  fe l l b e l ow the  c hosen  v a l u e  d u r i n g  the  n i g h t  hou rs . 
Howe v e r ,  s o l a r  rad i a t i o n  n e v e r  dro pped b e l ow the  c h o s e n  v a l ue  d u r i n g  
dayl i g h t  hours , even  d u r i n g  e x treme l y c l oudy weather . Hence , t h e  
new l y c r e a te d  f i l e  con ta i n e d  a con t i n u o u s  s e t  of 1 5 -m i n u te i n te rv a l  
d a t a  b l o c k s  for t h e  g i v e n  d ay .  O r i g i n a l  data  f i l e s were  n o t  des troye d  
b y  t h e  Fortran  program ,  so  t h a t  they cou l d be  f u r t h e r  exam i ned  i f  
needed . 
N o t  a l l of  the  me a s u remen ts i n  the  o r i g i n a l  d a ta b l o c k s  were  
co p i ed to  the  n ew f i l e  b l o c k s . Spare  c h a n n e l s o n  the  data  acq u i s i t i on  
sys tem were not  c o n ne c te d  to  s e n sors . D a ta c r e a te d  by the s p a re 
c h a n ne l s were n o t  read  by the  prog ram . T h e  me a s u remen ts w h i c h  were 
so rted i nc l u de d  so l a r r a d i a t i o n , a i r  i n l e t tem pe r a t u re s ,  and  a i r e x i t 
tempe r a tu re s . A i r v e l o c i ty a n d  re l at i v e  humi d i ty were n o t  read  i n to 
the new f i l e  b e c a u s e  of  poor performance  from b o th s e n s o r s . 
Prob l ems a s so c i a ted w i th the  a i r v e l o c i ty s e n s o r s  i n c l uded  
therm i s tor  b u rnou t ,  power  s u pp l y  f a i l u re ,  and  a n a r row tempe r a t u re 
range  of s e n s o r  c a l i b r a t i o n . B u rnou t of therm i s tors  a n d  power  s u p p l y 
fa i l ure  were prob a b l y d u e  to the l en g th o f  con t i n u o u s  opera t i o n  t i me . 
Therm i s to r s  a n d  power  s u p p l i e s w i th heav i e r rat i n g s  s ho u l d ove rcome 
the s e  prob l ems . The n a rrow tempe r a tu re range  of s e n so r  c a l i b ra t i o n  
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w a s  a t tr i b u te d  t o  c h a r a c te r i s t i c s  of  t h e  p a r t i c u l a r  therm i s to r s  a n d  
t h e  u n av a i l ab i l i ty of  s i gn i f i c a n t  amou n ts of b o th co l d a n d  h o t  a i r 
a t  the  t i me o f  c a l i b ra t i on . The  s e n s o r  was  c a l i b r a ted  i n  the  tempera­
ture range  of  2 7 ° C  to 6 0 ° C  ( 80 ° F to  1 4 0 ° F ) .  T he  i de a l  tempera tu re 
range  wou l d h a v e  been  4 ° C  to 7 1 ° C ( 40 ° F  to 1 6 0 ° F ) . Howev e r ,  before 
compo nen t fa i l ure , the  s e n s o r  was  res pon s i ve i n  the  c a l i bra ted  tempera­
ture  range f rom w h i c h  s e v e r a l  re l i ab l e measu reme n ts of  v e l o c i ty were  
made . These  me a s u reme n ts were  i n  ag reeme n t  w i th the  a i r v e l o c i ty 
de term i ned  f rom Jfa n  c u r v e s  and  the g i ven  opera t i n g  c o n d i t i o n s . An 
average  a i r v e l o c i ty for e a c h  day of  o pe r a t i on  was d e te rm i n e d  f rom 
the v e l o c i ty s e n s o r  me a s u remen ts , fan  c u rv e s , a n d  the  l o ad i n g s c he du l e 
of the  d ry i ng  f a c i l i ty .  
The  re l a t i v e  hum i d i ty s e n s o r s  o pe r a te d  w i tho u t  tro u b l e  i n i t i a l l y , 
b u t  began  to g i v e e rroneous  v a l u e s  a s  they age d . E x tremes of bo th 
l ow hum i d i ty and  h i g h hum i d i ty were  m e a s u red  for  l o n g  d u ra ti o n s  when  
the  me a s u remen t w a s  e x p e c ted  to  v a ry .  The  p a r t  of the hum i d i ty modu l e 
wh i c h gave  trou b l e w a s  the BR- l O l B  h um i d i ty s e n s o r . T h e  i n i t i a l v a l ue s 
of re l a t i v e  h um i d i ty me a s u reme n t  were u s e d  to c a l c u l a te s ta te po i n ts 
of  the amb i e n t  a i r .  Tempera tu re s  and  re l a t i v e  h um i d i t i e s  were  l i m i ted  
to  a l ow range  under  the  g i ve n  wea ther c o n d i t i o n s . Hence , the  s pe c i f i c 
h e a t  a n d  s pe c i f i c  v o l ume o f  a i r d i d n o t  a p prec i ab l y v a ry . The  s p e c i f i c 
h e a t  a n d  s pec i f i c  v o l ume of  a i r were a s s umed c o n s ta n t .  
The  program w r i tten to sort  the  o r i g i n a l  d a t a  b l o c k s  w a s  
de s i g ned  t o  i d e n t i fy a n d  s o r t  temper a tu re s e n s o r  me a s u reme n ts . A 
sma l l n umber  o f  the  tempera t u re s e n s o r s  g a v e  e rroneous  v a l u e s  w h i c h  
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co u l d be i de n t i f i e d a s  b e i n g  e x treme l y  h i g h .  S i n c e  two tempe r a ture 
s e n sors  were l o c a te d  at  both  the  a i r i n l e t and  a i r e x i t d u c ts of  the 
he a te r s , a s i m p l e comp a r i son  be tween  two s e n s o r s  at the s ame l o c a t i o n  
proved to be  an  effe c t i v e  mean s of  i de n t i fy i n g  f a u l ty s e n s o r s . I f  
both  m e a s u reme n ts were w i t h i n 1 . 6 ° C  ( 3 ° F )  o f  e a c h  o the r ,  the  v a l u e s  
were averaged  a n d  u s e d  to re pre s e n t  t h e  tempe r a tu re a t  th a t  p a r t i c u l ar  
po i n t .  I f  the v a l u e s  were n o t  w i th i n 1 . 6 ° C  ( 3 °F ) ,  the  l ower  v a l ue 
was  u s e d  s i n c e  f a u l ty s e n s o r s  te nded  to i n d i c a te v e ry h i g h tempe ra-
ture s . No  c a s e s  were  e xpe r i en c e d  where bo th s e n s o r s  a t  e i ther  the 
i n p u t  or  o u tp u t  po i n ts were b a d . Other  po i n ts o f  temperature  
me a s u remen t w i th i n  the  sys tem were n o t  i n c l uded  i n  the  new f i l e  a n d  
w e r e  ob served  from a p u re l y  qu a l i ta t i v e  po i n t of  v i ew . 
The  u s e f u l  h e a t  o u tp u t  a n d  the thermal  eff i c i e n cy of  the  h e a te r  
w e r e  then  c a l c u l a te d  u s i n g a s econd  Fortran  prog ram w h i c h  r e a d  t h e  
re duced  d a ta f i l e  c re a te d  b y  t h e  f i rs t  program . S i n c e  the  data  b l oc k s  
were s paced  i n  e q u a l  t i me i n c reme n ts , a trape z o i d a l  nume r i c a l  a l g o r i thm 
w a s  i n corporated  i n  the second  program to c a l c u l a te the de f i n i te 
i n te g r a l  o f  the  c u r v e s  appro x i m a te d  by the data  po i n ts . T herefore , 
the  d a i l y  e n ergy i n p u t  a n d  o u tpu t of the h e a te r  co u l d be c a l c u l a ted  
based  u po n  a c urve  of  s o l a r  rad i a t i o n , a i r i n l e t tempe rature s , a i r 
e x i t tempe r a tu re s ,  and  o th e r  c h a ra c te r i s t i c s  of  the  g i v e n  sys tem . 
Heat  s torage  by the  h e a ter  m a s s  was  a s s umed to b e  n e g l i b l e  s i n c e  s teady 
s ta te cond i t i o n s  were a s s ume d ,  a s  s u g ge s te d  by W h i l l i e r ( 1 9 7 7 ) . 
The  ene rgy i n pu t to the hea te r  w a s  c a l c u l a te d  a s  fo l l ow s : 
E nergy 
I n p u t  
= S o l a r  
R ad i a t i on  
X 
I n c i de n c e  
An g l e 
F a c tor 
X Area ( 4 . 3 )  
w h e re 
Ene rgy 
I n p u t  = E ne rgy c o l l ec ted fo r g i v e n  day , J ( B tu /day ) 
So l a r  
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R a d i a ti o n = [ To ta l  r a d i a t i o n  i n c i de n t  t o  h o r i z o n ta l  s u rface ] ,  
J jmZ S umme d hou r l y averages /day ( B tu /hr- f tZ ) 
I n c i dence  
Ang l e 
F a c to r  = C a l c u l a te d  r a t i o of d i re c t  rad i a t i o n  on  g i v e n  s u r­
f a c e  to d i re c t  rad i a t i o n  on  h o r i z o n ta l  s u rface  
Area = Effe c t i v e  c o l l e c to r  are a , mZ ( f tZ ) .  
T h e  rad i a t i o n  i n c i de n c e  a n g l e f a c tor  w a s  i n terpo l a te d  f rom s o l a r  ra d i a-
t i o n  tab l e s  fo r the  g i v e n  l a t i tude , t i me o f  ye a r ,  a n d  c o l l e c to r  t i l t  
a n g l e .  T h e  effe c t i v e  c o l l e c to r  areas  of the  po r ta b l e h e a te r  a n d  the  
mu l t i p u rpose  b a rn were  e q u a l  to  th e b i n d i ame te r  t i me s  the  c o l l e c tor  
he i g h t ,  a s  s u g g e s ted  by  M i dwe s t  P l an  Serv i c e ( 1 980b ) .  
The  e n e rgy o u tp u t  f rom the hea ter was  c ompu te d  by u s i n g the 
fo l l ow i n g  formu l a :  
where  
Ene rgy 
O u tp u t  
= (S pe c i f i c\ 
He a t  ) A i r 
X liT X 
V o l ume tr i c  
F l ow 
R a te 
(Spec i f i c\ 
V o  1 ume 
) A ;  r 
E ne rgy 
O u tpu t = U s ef u l  h e a t  ou tp u t  of h e a te r  for  g i v en d ay ,  J 
( B tu /d ay )  
(Spec i f i c) 
He a t  A i r = A s s umed con s tan t ,  1 04 6 . 5  J / k g- ° K  
( 0 . 2 5 B tu / ° F- l bm )  
X 
liT = [ ( Temperature  o u t ) A i r - ( Tempera ture  i n ) A i r J s umme d  
h o u r l y a verages /day 0 (  ( ° F )  
( 4 . 4 )  
Vo l ume tr i c 
F l ow 
1 00 
R a te = V o l ume tr i c  a i rf l ow thro u g h  h e a t e r ,  m3 / h r  ( f t3 / h r ) (Spec i f i c) 
V o l ume / A i r = As s umed con s ta n t ,  1 . 0 72 k g /m3 ( 0 . 06 7  l bm / f t3 ) .  
T h e  e n e rgy o u tp u t  ( a s c a l c u l a te d  i n  Eqn  4 . 4 )  w a s  s umme d for  both  dry i n g  
s e a s o n s  e xami n e d  t o  d e te rm i ne t h e  to ta l  u s e f u l  h e a t  o u tp u t  o f  the  
sys tem s . Lo s s e s  b e tween  s o l a r  h e a te rs a n d  dry i n g  f a c i l i t i e s were 
a s s umed to be n e g l i b l e  s u c h  th a t  the therma l  eff i c i e n cy w a s  c a l c u l a ted  
a s  fo l l ow s : 
= U s e f u l  h e a t  ou tpu t 
E n e rgy i n p u t  ( 4 . 5 )  
C HAPTER  V 
R E SU LTS AN D D I SCU S S I ON 
I .  CASE I :  WRAP-AROUND  SO LAR A I R  HEATER 
Therma l  Performa n c e · 
The  w ra p - a ro u n d  h e a te r  was  u s e d  to dry 2 1 0  m3 ( 6 000 b u ) of  
s h e l l e d c o rn d u r i n g  F a l l 1 982 a n d  1 05 m3 ( 3000 b u ) o f  w h e a t  d u r i ng  
S p r i ng  1 983 . T h e  b i n w a s  l o aded i n  a s i n g l e f i l l  d u r i n g  the  f a l l 
a n d  i n  sma l l e r m u l t i p l e f i l l s  d u r i ng  the  s pr i n g , a s  s hown i n  Tab l e 3 .  
Al thou g h  the  c i r c ums ta n c e s  req u i red s u c h  l o a d i n g , the  s i n g l e f i l l  
l o a d i n g  of  the  b i n  d u r i n g  the  fa l l d i d n o t  re pre s e n t  the  i de a l  method  
of dry i n g . Three  p o s s i b l e  d ryi n g  l ayers of the  l a rge l o a d i n g , as  
d i s c u s sed  by  M i dwe s t  P l an  S e rv i ce ( 1 980a ) i n  C h a p te r  I I ,  were  pre­
v e n ted  by the  g ra i n s t i r r i ng  d ev i ce w h i c h was  s how n i n  F i g u re 8 ,  
page  3 8 .  Laye r dryi n g  ( b i n f i l l ed i n  l ayers ) ,  a s  re commended  by P i erce 
and  T�ompson  ( 1 980 ) ,  of  the  s p r i ng  w h e a t  e xempl i f i e d the  i de a l  method  
of dryi n g  w h i c h  was  more  o f te n  prac t i ced . The  s t i r r i n g  dev i ce was  
a l s o  o pe r a te d  i n  the  s p r i n g .  The  s t i rre r h e l ped  to b l e n d  ( no t  com­
p l e te l y )  the l ayer of  w � e a t  to ge the r . Ov erdry i n g  of  the b o t tom l ayer 
and  s p o i l age  o f  the  top  l aye r was th u s  reduced . 
The  s o l ar  h e a te r  s u pp l i ed a tota l  of  1 0 . 5  GJ ( 9 . 9  x 1 06 B tu ) 
of h e a t  for the  f a l l dryi n g  proce s s . The  ene rgy s av i n g s  amo u n ted  
to  1 7 . 5  MJ ;m3 of  g ra i n ( 0 . 1 7  kWh/bu ) per  percen tage  po i n t o f  mo i s tu re 
remove d . Th i s  s a v i n g s  w a s  more th�n  th ree t i me s  t h a t w h i c h  w a s  repo rted  
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TAB LE 3 .  Dryi n g  S c h e d u l e o f  Gra i n  Dry i n g  B i n  E q u i pped  W i th  Wrap-Arou n d  So l a r  A i r H e a te r  
Dryi ng  Amo un t Type I n i t i a l  F i  n a  1 
Season of  Gra i n of  Gra i n Mo i s tu re Mo i s ture  
F a l l 1 982 2 1 0  m3 Corn  1 8% (w e t  b a s i s ) 1 4 . 5 % (w e t  b a s i s ) 
Spr i ng  1 983 2 1  m3 Whe a t  1 5 %  1 2 %  
Sp r i ng  1 983 2 1  m3 Whe a t  1 1 %  1 2 %  
Spr i ng  1 983 2 1  m3 Whe a t  1 3 . 5 % 1 2 %  
Spr i ng  1 983 2 1  m3 W h e a t  1 6 . 5 % 1 2 %  




by P e terson  a n d  He l l i c k s o n  ( 1 9 7 5 ) . The  energy s u pp l i e d for  f a l l 
dryi ng  was  co l l e c ted  over  a three week pe r i o d i n  a n  average  d a i l y  
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s o l a r  ra d i a t i o n  o f  5 04 0  w;mZ ( 1 6 00 B tu /day- f tZ ) a t  z e ro a n g l e of  
i n c i dence  to  the  c o l l e c tor  s u rface  ( c a l c u l a ted  f rom hor i zon ta l  s o l ar  
ra d i a t i on  a n d  i n c i de n c e  a n g l e f a c tor ) .  He a te r  opera t i o n  was  ma i n ta i ned  
w i th a therma l  e f f i c i e n cy of 7 1  perce n t  a t  an  average  a i rf l ow r a te 
of 5 . 2  m3 /m i n /m2 ( 1 7  c fm / f tZ ) of  effec t i v e  a re a . The  c a l c u l a te d  
eff i c i e n cy a g reed  v e ry c l o s e l y  w i th th a t  reported by B a k e r  and  S hove  
( 1 9 7 7 ) and  M i dwe s t  P l an  S e rv i c e ( 1 980b ) .  The  performance  of  the  
he a te r ,  as  s hown i n  F i g u re 3 9 ,  was  n o ted  to . b e  affected by the  
f a c tors  l i s te d  by Wh i l l i er ( 1 9 7 7 ) . Obv i o u s l y ,  the  amo u n t  of  s o l ar  
rad i a t i o n  a n d  the  a n g l e of i n c i dence  were the  major  d e te rm i n a n ts o f  
h e a ter  perform a n c e . 
I n l e t  a i r con d i t i o n s  d u r i ng  fa l l d ryi n g  averaged  1 4 . 4 ° C ( 5 8 ° F ) 
w i th a rel a t i v e  hum i d i ty of  6 3  perce n t .  Me a s u red  re l a t i v e  hum i d i ty 
was  n o t  h i g h  e n o u g h  to be  c l a s s i f i e d a s  be i n g c r i t i c a l  i f  the  a i r 
w a s  u s e d  for  c ro p  dryi ng  w i tho u t  heat i n g . Howev e r ,  a s  n o te d  e a r l i e r ,  
Mo rey e t  a l . ( 1 98 1 ) a n d  M c F a te ( 1 96 3 ) s u g g e s te d  th a t  u n h e a te d  a i r 
wh i c h h a d  a re l a t i v e  h um i d i ty more than  abo u t  5 5  perce n t  s hou l d be 
s u p p l eme n ted  w i th he a t  for  c ro p  dryi ng . On  the  b a s i s t h a t  the  me a s u red  
re l a t i v e  hum i d i ty was  border- l i ne for u n he a ted a i r d ry i n g ,  the  
s u p p l eme n ta l  3 . 3 ° C  ( 6 ° F )  o f  average  tempe r a ture  r i s e  produced by the  
wrap - a ro u n d  h e a te r  was  needed for s u c c e s s f u l  d ry i n g  of  corn  i n  the 
fa l l . 
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F I GURE  3 9 . Perform a n c e  c u rv e s  o f  w r a p - a r o u n d  s o l a r  a i r h e a ter  opera ti n g  o n  O c tober  1 6 , 1 982 . 
1 05 
The  h e a te r  s u p p l i e d 1 . 6 GJ ( 1 . 5  x 1 06 B tu ) of  h e a t  for  s p r i n g  
dry i ng . T h i s  q u a n t i ty o f  he a t  was  con s i derab l y  l e s s  t han  t h e  amo u n t  
s u p p l i ed d u r i n g  t h e  f a l l for two reas o n s . F i rs t ,  t h e  h e a ter  w a s  
operated  f o r  o n l y one  a n d  one- h a l f wee k s  a s  comp ared  to th ree wee k s  
i n  t h e  fa l l .  Le s s  w h e a t  w a s  h a rv e s ted bec a u s e  the  f a rmer w a s  p a r t i ci p a ­
t i n g  i n  the  P ayme n t- I n - K i n d  ( P I K )  prog ram w h i c h payed h i m  t o  n o t  g row 
a s  m u c h  w h e a t  a s  h e  d i d the year  before . S e co n d l y ,  the  a v e rage  s o l a r  
rad i a t i o n  a t  z e ro a n g l e of i n c i dence  of  t h e  co l l e c to r  s u rface  
( c a l c u l a ted  from h o r i z o n ta l  s o l ar  rad i a t i o n  and  i n c i dence  a n g l e f a c tor ) 
was  1 5 70 W/m2 ( 5 03  B t u / day- f t2 ) ,  or  l e s s  than  one- th i rd of t h a t  
a v a i l ab l e i n  t h e  fa l l . T h e  sm a l l e r q u a n t i ty w a s  d u e  t o  t h e  i n here n t  
c h a r a c te r i s t i c s  of  a v e r t i c a l , s o u t h - f a c i n g w a l l a t  th a t  t i me of  the  
ye a r  w hen  the  s o l a r  a l t i tu de ang l e was  not  advan tageo u s . Howe v e r ,  
t h e  h e a te r  o pe r a te d  w i th a t herma l  eff i c i e n cy o f  6 2  perce n t  a t  a n  
average a i rf l ow ra te of  5 . 8  m3 /m i n /m2 ( 1 9  cfm/ft2 ) o f  effec t i v e  area . 
The  l ower  eff i c i e n cy m ay h a v e  been  re l a ted  to l e s s  s o l a r  rad i a ti o n ,  
d i r t  ac c umu l a t i o n  o n  the  p l a te ,  and  s traw i n  the  a i r  p a s s a g e s  around  
the  p l ate . T h e  s traw w a s  c a rr i e d thro u g h  the  uncov ered  a i r i n l e t 
by b i rds . Mo s t  of  the  s traw w a s  removed  d u r i n g  the  d ry i n g  s e a s o n  
and  h a rdware  c l o th w a s  n a i l e d o v e r  t h e  a i r i n l e t  t o  preve n t  b i rds  
and  ro den ts from e n te r i n g .  
The  ave rage  i n l e t a i r temperatu re d u r i n g  s p r i n g  d ry i ng  w a s  
22 . 7 ° C  ( 7 3 ° F ) . T h e  i n l e t a i r w a s  h e a ted an  a v e r a g e  of  l . l ° C ( 2 ° F ) . 
A re l i a b l e i n d i c a t i o n  o f  re l a t i ve  humi d i ty w a s  n o t  a v a i l ab l e for  the  
i n l e t a i r d u r i ng  the  s p r i n g  because  of d i f f i c u l ty w i th that  s e n s o r . 
1 06 
The  wrap- aro u n d  h e a te r  s u p p l i ed a to ta l  of 1 2 . 1  GJ ( 1 . 1  x 1 0 7 
Btu ) for b o th d ry i n g  s e a s o n s . The  h e a te r  w a s  c a p a b l e of  s u p p l y i n g  
enough  h e a t  s u c h  t h a t no LPG  h e a t  w a s  u s e d . Ov erdry i n g  w a s  n o t  a 
prob l em be c a u s e  of  a g ra i n  s t i r r i ng  dev i ce a n d  l ayer f i l l i n g .  
Econom i c Fe a s i b i l i ty . 
The  fea s i b i l i ty a n a l ys i s  of the  wrap-around  h e a te r  was  compu ted  
u s i n g the  a s s ump t i o n  that  s o l a r  heat  c o u l d be v a l u e d  the  s ame  a s  the  
co s t  of  an  e qu i v a l e n t  amo u n t  of  LPG heat  ( Gar l and , 1 983 ) ,  s i n c e  LPG  
w a s  prev i o u s l y  u s e d  on  the  farm . To  e q u a te the  two typ e s  of h e a t ,  
the u se f u l  h e a ti n g  v a l ue  of  L P G  w a s  a s s umed  to be 2 3 . 3  MJ / L  
( 83 7 00 Btu /ga l ) .  T h i s h ea t i ng  v a l ue  was  i n  con j u n c t i o n  w i th a heate r  
eff i c i e n cy of 90 perce n t .  F u r thermore , the  amo u n t  o f  u s a b l e h e a t  
requ i red  d u r i n g  t h e  two dry i n g  s e a s o n s  mo n i tored w a s  a s s umed t o  re-
pre s e n t the  ye a r l y amo u n t  u s e d  thro u g hou t the l i fe of  the  h e a te r . 
The  a n n u a l  s av i ng s  by u s i ng  the  h e a ter  w a s  comp u ted  a s  
fo l l ow s : 
where 
An n u a  1 
Sav i n g s  
An n u a l  F ue l  
= S av i n g s  
An n u a  1 Taxe s , I n s u rance  
M a i n te n a n c e , a n d  R e pa i r 
Cos t 
Ann u a  1 
An n u a l  Cap i ta l  
Recovery Co s t  
( 5 0 1 ) 
Sav i ng s  = P roj e c ted  ye a rl y s a v i n g s  of w h i c h i s  co n s tan t for 
e a c h  ye ar  of  h e a t  l i fe ,  $ 
An n u a  1 F u e  1 
Sav i n g s  = P roj e c te d  yearl y f u e l  s av i n g s  w h i c h v a r i e s  
w i th fue l  i n f l a t i on  r a te , $ 
= F i rs t  Compou n d  
Amo u n t  
S i n k i ng 
F u n d  Y e a r  
S a v i n g s  x F a c to r  N - 1 x F a c to r  N 
An n u a l  C a p i ta l 
Recovery C o s t  = P roj e c te d  ye ar l y c o s t  o f  deprec i a t i o n  a n d  
i n te re s t  w h i c h  v a r i e s  w i th i n te re s t ra te , $ 
= I n i t i a l  
Co s t  
Ann u a l  Taxe s , I n s u ra n ce , 
M a i n ten a n ce , a n d  Rep a i r 
Co s t  
C a p i ta l 
x Reco v e ry 
F a c to r  N 
= Proj e c te d  ye ar l y cos t w h i c h w a s  
a s s umed t o  b e  c o n s ta n t ,  $ 
= 0 . 03 x I n i t i a l Co s t  
1 07 
F a c tors  i n c l uded  i n  the  econom i c feas i b i l i ty a n a l ys i s are  l i s te d  
i n  T a b l e 4 .  The  i n i ti a l co s t  w a s  a s s ume d t o  i n c l u d e  t h e  co s t  o f  
ma te r i a l s and  l a bor  a t  $ 5 . 00 per  hou r ,  a l t hough  l a b o r  w a s  n o t  a c h arged  
expe n s e  i n  C a s e  I i nv e s t i g a t i o n .  A u sefu l  l i fe o f  10  ye a r s  was  a s s umed 
cou p l e d  w i th a z e ro s a l v a g e  v a l ue . The  p roj e c te d  yea r l y ma i n te n a n c e  
expe n s e  w a s  a s s ume d a t  3 perce n t  of  t h e  i n i t i a l co s t .  Mo rey e t  a l . 
( 1 9 7 9 ) a s s umed a s i m i l a r u s e f u l  l i fe and  ma i n te n a n c e  e xpen s e  for the i r 
ev a l ua t i on  o f  a s o l a r  a i r h e a te r . F i n a l l y ,  a n umber  o f  i n te re s t  r a te s  
and  fue l  i n f l a ti o n  r a t e s  w e r e  con s i dered b e c a u s e  o f  t h e  i mmen s e  u n -
c e r ta i n ty of  fu tu r e  trends  ( Ga r l and , 1 983 ) .  F u r t h e rmo re , t h e  a n a l ys i s  
i s  v e ry s e n s i t i v e to v a l u e s  of i n te re s t  and  i n f l a t i o n . A to ta l  of 
20  a n n u a l  s av i n g s  were com p u ted  as  ba sed  o n  comb i n a t i o n s  of  the f i ve 
i n tere s t  r a te s  a n d  f o u r  i n f l a t i o n  r a te s . S av i n g s  c o u l d be neg a t i v e  
i n  w h i c h  c a s e  t h e  s o l a r  h e a te r  wou l d n o t  be  mo re e co n om i c a l  t h a n  u s e  
o f  LPG . 
TAB LE 4 .  F i xed  a n d  V a r i a b l e Cos t Factors  I n c l uded  i n  the  Econom i c 
A n a l ys i s  o f  the  Wrap-Around  So l ar  A i r He a te r  
1 08 
LPG Rep l a ceme n t  Co s t  2 3 . 7  c e n ts / L  ( 89 cen ts /g a l ) 
I n i t i a l  Cos t $2580  
U s e f u l  L i fe , n 1 0  ye a r s  
S a l v age  V a l ue  $0 
An n u a  1 Taxe s , I n s u r a n c e , 
M a i n te n an c e , a n d  R e p a i r 
Co s t  ( 3 % i n i t i a l c o s t/yr ) $ 7 7  
I n te re s t  R a te 8 % '  1 0 % ,  1 2 % ,  1 4 % , 1 8% 
F u e l  I n f l a t i o n  R a te . 0 % ,  5 % ,  1 0 % ,  1 5 %  
1 0 9  
T h e  re s u l ts  o f  t h e  econom i c  an a l ys i s  i s  s hown i n  T a b l e 5 .  
As  expec ted , the  a n n u a l  s a v i n g s  decre a s e d  w i th i n c r e a s e s  i n  i n tere s t  
r a te s  a n d  i nc r e a s e d  w i th the  i n c r e a s e s  i n  fue l  i n f l  a t i  o n  r a te s . Of  
p a r t i c u l a r  c o n c e rn , the  a n n u a l  s av i n g s  compu te d  fo r each  s e t  of  r a tes  
was  ne g a t i v e  for  the  amo u n t of a n n u a l  u s age a c tu a l l y  o b s erved . The  
u s e  of  the wrap- a r o u n d  h e a te r  wo u l d n o t  be more econom i c a l  t han  u s e  
o f  L P G  fo r t h e  obs erved  a n n u a l u s e . Howev e r ,  i f  t h e  h e a te r  w a s  u s e d  
to d ry more g ra i n a n n u a l l y  t h a n  w a s  o b s e rv e d  d u r i n g  t h e  f i rs t ye ar  o f  
u s e ,  t h e  h e a te r  c o u l d be  a n  a s s e t .  
I I .  CASE I I :  PORTAB LE SO LAR A I R  HEAT E R  
Therm a l  Perform a n c e  
T h e  po r ta b l e h e a te r s  w e r e  u s ed  t o  dry 800 m3 ( 2 3 000 b u ) of  
soybeans  a n d  1 2 3 m3 ( 3 5 00 b u ) of corn  du r i n g  F a l l 1 982 . S i n c e  w i n te r  
w h e a t  w a s  n o t  p l a n te d , t h e  h e a te r s  were n o t  u s ed d u r i n g  S p r i n g  1 983 . 
As  seen  i n  Tab l e 6 ,  the  b i n l o ad i n g s c hedu l e for  f a l l dryi n g  w a s  i de a l  
s i n c e  t h e  g r a i n w a s  d r i ed  i n  l ayers . N o  more than  th ree b a tc h e s  of 
g ra i n were l oaded  i n to the  b i n  a t  the  s ame t i me . A g ra i n  s t i r r i ng  
dev i ce w a s  not  u s e d  to p re v e n t  overdry i n g  a s  i n  the  c a se o f  the  wrap­
arou n d  h e a te r . Ov e r a l l ,  g r a i n  q u a l i ty was  good . I f  l ayers  of  g ra i n 
o v e r h e a ted  to the  po i n t of  k e r n e l  damage , a s  d i s c u s s e d  by S hove  a n d  
Wh i te ( 1 9 7 7 ) , t he  damage w a s  n o t  obv i o u s . The  h e a te r s  w e r e  n o t  u s e d 
to h e a t  the  s h o p  d u r i n g  the  w i n ter  o f  1 982 - 1 98 3 . T h e  d i ff i c u l ty o f  
mov i n g the  h e a te r s  p rob a b l y d i scouraged  th i s  a p p l i c a t i on . 
TAB LE 5 .  Ann u a l  S av i n g s  o f  Wrap�Aro u n d  So l ar  A i r He a te r  Projec ted 
F rom Ob s e rv e d  U s e  at V a r i o u s  Fue l  I n f l a t i on  a n d  I n te r e s t  
R a te s  
F u e  1 
I n f l a t i on  I n te re s t  R a te 
R a te 8%  1 0% 1 2 %  1 4 %  1 6 %  
An n u a  1 Sav i ng s , $ 
0%  - 3 3 9  - 3 7 5  - 4 1 2  - 4 5 0  -489  
5 %  - 3 1 2  - 3 4 8  - 385 - 4 2 3  - 4 6 2  
1 0 %  - 2 8 ?.  - 3 1 8  - 3 5 5  - 3 9 3  - 4 3 2  
1 5 % - 2 5 0  - 2 86 - 32 3  - 3 6 1  - 400 
1 1 0 
1 1 1  
TAB LE 6 .  F a l l 1 982 Dry i n g  S c h e d u l e of Gra i n D ry i n g  B i n S upp l emen ted 
W i th H e a t  F rom Portab l e  So l a r  A i r H e a ters  
Amo u n t  Type I n i t i a l F i n a l  
o f  Gra i n  o f  Gra i n Mo i s ture  Mo i s tu re 
80 m3 Soyb e a n s  1 7 % ( w e t  b a s i s )  1 2 %  ( w e t  b a s i s )  
80 m3 Soyb e a n s  1 8% 1 2 %  
80 m3 Soyb e a n s  1 7 % 1 2 %  
3 0  m3 Corn  1 9 %  1 5 %  
3 8  m3 Corn  1 8% 1 5 %  
5 5  m3 Corn  1 8% 1 5 %  
80 m3 Soyb e a n s  1 5 %  1 2 %  
80 m3 Soybe an s 1 4 %  1 2 %  
80 m3 Soyb e a n s  1 5 %  1 2 %  
80 m3 Soyb e a n s  1 5 %  1 2 %  
80 m3 Soyb e a n s  1 5 %  1 2 %  
80 m3 Soyb e a n s  1 5 %  1 2 %  
80 m2 Soyb e a n s  1 5 %  1 2 %  
1 1 2 
W i th  t h e  exce p t i o n  of  one  b a tc h  of  corn , a l l s u p pl emen ta l  h e a t  
for  dryi n g  w a s  s u p p l i e d b y  t h e  three porta b l e s o l a r  a i r h e a te rs . 
The  three  h e a t e r s  s u p p l i ed 7 2 . 8  GJ ( 6 . 9  x 1 0 ? B tu ) d u r i n g  a dryi ng  
pe r i od th a t  l a s ted  a p p r o x i m a te l y e i g h t  week s . · The  e n e rgy s av i n g s  
amo u n te d  t o  2 8 . 7  MJ /m3 of  g r a i n ( 0 . 2 8 kWh/bu ) p e r  percen tage  po i n t 
of mo i s tu re remove d .  Th i s  s a v i n g s  w a s  more t han  f i v e  t i me s  t h a t  w h i c h  
was  repo r ted  b y  P e te r s o n  a n d  He l l i c k so n  ( 1 9 7 5 ) . T h e  c o l l e c to r  a n g l e 
of  the portab l e h e a te r s  w a s  i de a l l y  po s i t i o n ed for  f a l l d ry i n g  b e c a u s e  
an  average  d a i l y  s o l ar  rad i a t i o n  of  6 6 1 9  w;m2 ( 2 1 08 B tu /day- f t2 ) w a s  
a v a i l ab l e a t  z ero  a n g l e of  i n c i dence  t o  t h e  c o l l e c to r  s u rface  ( c a l cu l a ­
te d from ho r i z o n ta l  s o l a r  ra d i a t i o n  and  i n c i de n c e  a n g l e f a c to r ) .  
The  heaters  ope r a te d  w i th an  average  therm a l  e f f i c i e n cy of  6 6  perc e n t  
a t  an  average  a i rf l ow r a te of  2 . 3  m3 /m i n /m2 ( 7 . 6  c fm / f t2 ) .  T h e  
eff i c i e n cy w a s  com p a ra b l e to eff i c i en c i e s  of  s i m i l a r  h e a te r s , a s  
repo r ted  b y  B a k e r  a n d  Shove  ( 1 9 7 7 ) a n d  M i dwe s t  P l a n  Serv i ce ( 1 980c ) .  
A typ i c a l  perform a n c e  c u rv e  of  the  h e a te r s  i s  s how n i n  F i g u re 40 . 
The  i n l e t a i r  con d i t i o n s  i n c l uded  an  ave rage  tempe ra ture  of 
2 0 . 5 ° C  ( 6 9 ° F ) and an  ave rage  re l a t i v e  hum i d i ty of  57 pe rcen t .  The  
he a te r s  ra i s e d  the  tem pe r a tu re of  the a i r an  a v e r age  of  9 . 4 ° C  ( 1 7 ° F ) . 
The  r i s e  was  m u c h  more t han  the  4 ° C ( 7 ° F )  m a x i mum r i s e  s u g ge s ted  by 
Loewer  e t  a l . ( 1 97 3 ) ,  howe ve r ,  no not i ceab l e prob l em of ov e r he a t i n g  
o r  overdry i n g  w a s  obs erved . 
Econom i c Fea s i b i l i ty 
The  fea s i b i l i ty an a l ys i s of the  portab l e hea ters  w a s  performed 
i n  the  s ame m a n n e r  a s  w i th the wrap- aro u n d  h e a te 0  i n  C a s e  I .  T h e  
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F I GURE  40 . P e rforma n c e  c u r v e s  of  portab l e s o l ar  a i r h e a t e r s  o pe r a t i n g  o n  O c to b e r  1 5 ,  1 982 . 
1 1 4 
amo u n t  of  h e a t  needed  to d ry the  corn  a n d  s oyb e a n s  i n  1 982 w a s  a s s umed 
to equa l  the  h e a t  needed  i n  s u b s eq u e n t  years . E qua t i o n  5 . 1  w a s  u s e d 
to c a l c u l a te the  a n n u a l  s av i n g s  a s s oc i a ted  w i th  u s i ng the  h e a te r s  
b a s e d  o n  fac to r s  l i s te d  i n  Tab l e 7 .  The  f ac to r s  were  u s ed  l i k e tho s e  
i n  C a s e  I t o  d e te rm i ne  the  econom i c fea s i b i l i ty .  R e s u l ts  o f  the 
a n a l ys i s  are  p re s e n te d  i n  Tab l e 8 .  Annua l  s av i n g s  fo l l owed  the  s ame 
tre n d s  a s  tho s e  i n  the C a s e  I a n a l ys i s .  The n o tab l e d i fference  
b e tween  C a s e  I a n d  Case  I I  i s  that  mo s t  of the  a n n u a l  s av i n g s  of  
C a s e  I I  are  po s i t i ve .  Hence , the porta b l e h e a te r s  w o u l d b e  an  a s s e t  
f o r  the  amo u n t  of  o b s erved  u s e . The  amo u n t of a n n u a l  s av i n g s  w i l l  
depend  o n  f u e l  i n f l a t i o n  a n d  i n te r e s t  r a te s . Thes e r a te s  w i l l  v a ry 
over  the  l i fe of  the  h e a te r  ( Gar l a n d , 1 983 ) . Howe v e r ,  i f  fue l  i n f l a te s  
a t  a sma l l r a te ,  s o l a r  h e a te r  u s e  w i l l  res u l t i n  a s av i n g s  a t  a l l 
i n te re s t  r a te s . 
I I I .  CAS E I I I :  MU LT I P URPOSE  SO LAR BARN 
Therma l  Pe rfo rm a n c e  
The  mu l t i p u rpo s e  b a rn w a s  u s e d  t o  dry abo u t  400- 6 80 k g  ( 1 500  
l bm ) l a rge ro u n d  b a l e s  o f  a l f a l fa  h ay d u r i n g  1 982 . T h e  b a rn w a s  a l s o  
u s e d  t o  dry 72 m3 ( 2 0 5 0  bu ) of w h e a t  from 1 9  perce n t  ( w e t  b a s i s )  to 
1 3  percen t (we t b a s i s )  du r i n g  J une , 1 982 a n d  3 5 3 m3 ( 1 0000 b u ) of  
corn  f rom 2 1  perce n t  ( w e t  ba s i s )  to 1 4  perc e n t  (we t ba s i s )  d u r i n g 
the F a l l ,  1 982 . T h e  s o l a r  d r i e d  h ay was  a v e ry h i g h  q u a l i ty feed  
w h i c h typ i c a l l y  had  a p r o te i n c o n ten t above  2 0  percen t .  By the  e n d  of  
TAB L E  7 .  F i xed  a n d  V a r i a b l e Co s t  F a c to r s  I n c l u ded  i n  the  Econom i c 
A n a l ys i s  o f  the  Portab l e So l ar  A i r Hea te r s  
LPG  Rep l aceme n t  C o s t  
I n i t i a l  Co s t  ( T hree  @ $ 1 300 ea ) 
U s e f u l  L i fe , n 
S a l v age  V a l ue  
An n u a l  Taxe s , I n s u ra n c e , 
M a i n te n a n c e ,  a n d  R e pa i r 
Co s t  ( 3 %  i n i t i a l c o s t/yr ) 
I n te re s t  R a te 
Fue l  I nf l a t i on  R a te 




$ 1 1 7  
8% , 1 0 % ,  1 2 % ,  1 4 % ,  1 8% 
0 % ,  5 % ,  1 0 % ,  1 5 %  
1 1 5 
TAB LE 8 .  An n u a l  S av i n g s  of  Po r tab l e S o l ar  A i r He a te r s  P roj e c ted  
F rom O b s e rv e d  Use  a t  V a r i o u s  F ue l  I n f l a t i o n  and  I n te r e s t  
R a te s  
F ue l  
I nf l a t i on I n te re s t  R a te 
R a te 8 %  1 0 %  1 2 % 1 4 %  1 6 %  
Ann u a l  Sav i ng s , $ 
0% 3 1  - 2 2  - 7 8  - 1 3 5  - 1 9 5  
5 %  2 0 3  1 5 0  94 3 7  - 2 3  
1 0% 386  3 3 3  2 7 7  2 2 0  1 6 0  
1 5 %  5 7 4  5 2 1  4 6 5  4 0 8  3 4 8  
1 1 6  
J u l y ,  1 983 , 309  more b a l e s  of  a l fa l fa  had  been  dr i ed i n  the  b a rn . 
S i n c e  h ay h a rv e s t w a s  n o t  comp l e te for 1 983 , the  u se o f  the  barn  i n  
1 982 w a s  c ho s e n  to r e p re s e n t  the  typ i c a l  ye a r  th ro u g h o u t  i ts l i fe . 
1 1 7  
The  b a r n  s u p p l i e d a to ta l  o f  1 6 1 . 6  GJ ( 1 . 5  x 1 08 B tu ) for  a l l 
crop  d ry i n g  i n  1 982 . No  LPG  was  u s ed for any dryi n g . The  h e a te r  
w a s  opera te d  a to ta l  o f  abou t 1 1  wef k s  w i th an  average  therm a l  
eff i c i e n cy o f  5 3  perce n t  a t  an  average ? i rf l ow r a te of  2 . 6  m3 /m i n /m2 
( 8 . 5  cfm/f t2 ) .  T h e  e f f i c i e n cy was  s l i g h tl y g re a te r  t han  t h a t  f rom 
a s i m i l a r s tr u c tu r e  o b s e rv e d  by Lambe r t  a n d  V a u g h a n  ( 1 9 7 8 ) . The  
average  a i r temp e r a t u re r i s e  throu g h  the b a r n  w a s  5 . 8 ° C  ( 1 0 ° F ) . 
Pe rform a n c e  of  the  h e a ter  was  accep tab l e fo r s p r i n g , s ummer , 
and  fa l l d ry i n g  s i nce  the  co l l e c to r  s u rface  h a d  po r t i o n s  o r i e n ted  
a t  two a n g l e s . T h e  roof c o l l e c to r  i n tercepted  the  maj o r i ty o f  the  
s u n  rays i n  the  s p r i n g  and  s ummer  w h i l e  the  w a l l c o l l e c to r  was  mos t 
effec t i v e  i n  t h e  f a l l .  An e xamp l e of  heater  performance  i n  the  s p r i n g  
i s  s hown i n  F i g u re 4 1 . T h e  performance  c u rv e  i n d i c a te s  t h a t  mo s t  
of the  u s a b l e h e a t  a d d i t i o n  w a s  f rom the roof co l l e c to r  s i nce  mo s t  
o f  the  i ncom i n g e n e rgy was  i nc i de n t  o n  the  a n g l e d  roo f . 
Econom i c Fea s i b i l i ty 
The  fea s i b i l i ty an a l ys i s  of the  mu l t i p u rp o s e  b a r n  a s s umed ; 
( 1 ) the  b a rn s u p p l i e d h e a te d  a i r a n d , ( 2 ) the  b arn  s erved  a s  a dry i n g 
fac i l i ty .  V a l u e  o f  h e a t  s u p p l i e d by the  b a r n  w a s  c a l c u l a te d  i n  the  
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SAV I N GS )  
F I GU R E  4 1 . Pe rfo rma n c e  c u r v e s  o f  m u l t i p u rpose  s o l a r  b a r n  opera t i n g  o n  J u n e  1 0 ,  1 983 . 
1 1 9  
h e a te r s . The  amo u n t  o f  h e a t  needed  to dry crops  i n  1 9 82 w a s  a s s umed 
to  repre s e n t  the  year l y requ i remen t over  the  l i fe of  the  h e a ter . V a l ue  
of the  b arn a s  a d ry i n g  f a c i l i ty w a s  a s s umed  e q u a l  to  the  c o s t of  
an  equ i v a l e n t  L P G  h e a te d  barn  ( Gar l and , 1 9 83 ) .  An n u a l  s av i n g s  were 
c a l c u l a te d  a s  fo l l ow s : 
w h e re 
Ann u a l  
Sav i n gs  
An n u a l  
= F u e l  
Sav i n g s  
(Annua l  C a p i tal) 
Recovery Co s t  So l ar 
B arn  ( An n u a l  Taxes , I n s u ra� c e) 
M a i n te n a n c e , a n d  Rep a i r 
Co s t  So l a r  
Barn  
(An n u a l  C a p i ta l) 
+ Recov e ry Co s t  S i m i l a r  
L P G  
B a r n  ( Ann u a l  T a xe s ,  I n s u r a n c� ,) 
Ma i n te n an c e , a n d  Repa i r 
+ Co s t  S i m i l a r 
An n u a l  
LPG  
Barn  
( 5 .  2 )  
S av i ng s  = P roj e c te d  ye a rl y s av i n g s  w h i c h  i s  con s tan t for  e a c h  
ye a r  o f  h e a te r  l i fe ,  $ 
Ann ua l  F ue l  
Sav i n g s  = Proj e c ted yearl y f u e l  s av i n g s  w h i c h  v a r i e s  w i th 
f u e l  i n f l a t  i o n  r a te , $ 
= F i r s t  
Y e a r  
S av i n g s  
x 
(������n d) 
F a c tor  N - 1  
( S i n k i n g ) 
x Fund  
F a c tor  N 
(A n n u a l  C a p i ta l) 
Recov e ry C o s t  S o l a r = 
P roj e c te d  ye ar l y co s t  of  depre c i a t i o n  
and  i n te re s t  w h i c h v a r i e s  w i th i n te re s t  
r a te , $ B a rn 
= { I n i t i a l ) \_cos t ) Sol a r  
B a r n  
( C a p i ta l ) 
x Recov e ry 
F a c to r  N 
1 2 0  ( An n u a l  T a xe s , I n s u ra n ce ,) 
Ma i n te n an c e , and  Repa i r 
Co s t  . So l a r 
Barn 
Proj ec ted ye a r l y cos t w h i c h 
was  a s s ume d to be  cons tan t ,  
$ 
0 . 03 X (I n i t i a l ) 
Co s t  So l a r  
B a rn 
(An n u a l C a p i ta l) 
Recov e ry Cos t S i m i l ar  
LPG  
( I n i t i a l) 
= Co s t  S i m i l a r x Reco v e ry 
( C a p i ta 1 ) 
B a rn 
LPG  
B a rn ( An n u a l  Taxes , I n s u rance ') 
Ma i n te n a n c e , a n d  Repa i r  
Co s t  S i m i l ar  = 0 . 03 x 
LPG  
B a rn 
F a c to r  N 
(I n i t i a l) 
Co s t  S i m i l a r 
L P G  
Barn 
F a c to r s  i n c l uded  i n  the  a n a l ys i s a re s hown i n  Tab l e 9 .  A u s e f u l  l i fe 
of 1 5  ye ars  w a s  a s s ume d cou p l e d  w i th a z e ro s a l v ag e  v a l u e  for  the  
s o l a r  a n d  L P G  b a rn ( De B u s k , 1 9 83 ) .  M a i n te n a nce  e x p e n s e  of  3 percen t  
i n i t i a l cos t w a s  a l so  a s s umed for  each  b a rn ( Mo rey e t  a l . ,  1 97 9 ) . 
Co s t  o f  the  L P G  b a rn i n c l uded  s tru c ture , LPG  h e a te r s , a i r d u c t s , a n d  
erec t i on ( De Bu s k ,  1 983 ) .  
Re s u l ts  of  t h e  a n a l ys i s  a re pre s e n te d  i n  Ta b l e 1 0 .  T h e  a n n u a l  
s a v i n g s  fo l l owed  the  s ame  tre n d s  a s  t h o s e  i n  t h e  C a s e  I a n d  C a s e  I I  
a n a l ys i s .  An n u a l  s av i n g s  i n creased  w i th f u e l  i n f l a t i o n  ra te and  
decre a s e d  w i th i n te re s t  ra te . The  u se of  the  b a rn s hou l d be  more 
econom i c a l  than u s e  of  a s i m i l ar  LPG b a rn b e c a u s e  mos t of  the  a n n u a l  
s a v i n g s  a r e  po s i ti ve .  
TAB LE  9 .  F i xed  a n d  V a r i a b l e Co s t  F a c to r s  I nc l uded  i n  the  Econom i c  
Ana l ys i s  of  the  M u l t i purpose  So l ar  B arn  
1 2 1  
LPG  Rep l aceme n t  Co s t  
( I n i t i a l Co s t ) so l a r  B a rn 
2 3 . 7  c e n ts / L  ( 8 9  c e n t s / g a l ) 
$ 1 9 , 000  
U s e fu l  L i fe , n ) so l a r  B a r n  1 5  yrs 
( S a l v age V a l ue ) so l a r  B a rn $0 (A n n u a l  Taxe s , I n s u r a n c e , ) 
M a i n te n an c e , a n d  R e pa i r  
Co s t  ( 3 % i n i t i a l c o s t /yr  So l ar  B a rn $ 5 7 0  
( I n i t i a l  C o s t ) s i m i l a r LPG  B a rn $ 1 2 , 000 
( U s e fu l  L i fe ,  n ) s i m i l a r LPG  B a rn 1 5  yrs  
( S a l v a ge V a l ue ) s i m i l ar  LPG  Barn  $0  (An n u a l  T a xe s ,  I n s u r a n c e , l 
Ma i n te n a n c e , a n d  Repa i r  
Co s t  ( 3 %  i n i t i a l co s t/yr ) S i m i l a r $360  
P P G  B a rn 
I n te re s t  r a te 8 % ,  1 0 % ,  1 2 % ,  1 4 % ,  1 8 %  
Fue l  I nf l a t i o n  R a te 0 % ,  5 % ,  1 0 % ,  1 5 %  
1 2 2  
TAB LE  1 0 .  Ann u a l  Sav i n g s  o f  Mu l t i purpo s e  So l a r  B a rn P roj e c te d  From 
Observed  U s e  at V a r i o u s  F ue l  I nf l a t i o n  a n d  I n te re s t  R a te s  
F u el 
I n f l a t i o n  I n te re s t  R a te 
R a te 8% 1 0 %  1 2 %  1 4 %  1 6 %  
An n u a l  Sav i ng s , $ 
0%  336  2 3 4  - 2 34  - 345  - 4 6 8  
5 %  84 9 7 4 7  2 7 9  1 6 8  4 5  
1 0 %  1 4 1 7  1 3 1 5  847  7 3 6  6 1 3  
1 5 % 2 0 1 5  1 9 1 3  1 44 5  1 3 34  1 2 1 1  
CHAPTER V I  
SUMMAR Y AN D CO N C LU S I ON S  
I .  SUMMARY 
Th ree typ e s  of  s u s pended  p l a te s o l a r  a i r h e a te r s  were  d e s i g n e d ,  
con s tr u c te d ,  a n d  i n s ta l l ed o n  Ten n e s see  f a rms  to p rov i de s u p p l eme n ta l  
h e a t  f o r  c ro p  d ry i n g ; A m i crocompu te r - b a s e d  d a t a  acq u i s i t i on  sys tem 
was  then  d e s i g n e d ,  f a b r i c a te d ,  and  i n s ta l l e d on the  s o l a r  a i r h e a te r s  
t o  mon i to r the  amo u n t  o f  u s ab l e h e a t  c o l l e c ted  a n d  the  c o l l e c to r  
eff i c i e n cy . Obj ec t i v e s  of  t h e  s tu dy i n c l uded : ( 1 ) to determ i n e  the  
therma l  perform a n c e  of  s o l ar  a i r h e a te r s  w h i c h  o pe r a te d  u n de r  a c t u a l , 
o n - f a rm crop  d ry i n g  c o n d i t i o n s , and  ( 2 )  to determ i ne  t h e  econom i c 
fe a s i b i l i ty of  u s i n g s ol a r  e n e rgy a s  a sou rce o f  s u p p l emen ta l  h e a t  
f o r  c ro p  d ry i n g  a n d  o th e r  a p p l i ca t i o n s . 
A wrap- arou nd  s o l ar  a i r h e a te r  w a s  i n s ta l l e d on  a g ra i n  b i n  
to p rov i de s u pp l eme n ta l  h e a t  for  the  dryi n g  of  g ra i n g rown on  a row 
crop  f a rm l oc a te d  i n  We s t  Ten n e s se e . The  h e a te r  w a s  c o n s tr u c ted  a s  
a n  u no b s tru c te d  u n i t  a ro u n d  the  s o u thern  two- th i rd s of  the  b i n  c i r cum­
feren c e . Conven t i o n a l  b u i l d i n g ma te r i a l s w e re u s e d  to form a i r 
p a s s ages  around  an  a b s o r b e r  p l a te th a t  was  con n e c te d  v i a  a man i fo l d 
to a n  e x i s ti n g  v an e - a x i a l  crop  d ry i n g  fan . Amb i en t  a i r e n tered  the  
p a s s ag e s  a t  one  e n d  o f  the  hea te r ,  was  h e a ted  w h e n  p u l l ed a c ro s s  the  
ab s o rber  p l a te ,  a n d  was  then  forced  th rough  the  crop  to a c h i eve  
dryi ng . The  h e a te r  w a s  u sed  to  d ry 2 1 0  m3 ( 6000 b u )  of  c o r n  d u r i n g  
1 2 3  
1 24 
F a l l 1 982 a n d  1 05 m3 ( 3000 b u ) of  w h e a t  d u r i n g  Sp r i n g  1 983 . D ry i n g  
i n  b o th s e a s o n s  w a s  ac compl i s hed  w i tho u t  L P G  h e a t ,  a l t h o u g h  a i ded 
by the  opera t i o n  o f  a g ra i n s t i rri n g  dev i ce .  
Three  portab l e s o l a r  a i r he a ters  were i n s ta l l e d o n  a row crop  
farm l o c a te d  i n  M i dd l e Tenne s s ee to prov i de s u p p l eme n ta l  heat  for  
gra i n dry i n g  a n d  the  h e a t i n g  of  a s hop  s tr u c tu re . T h e  h e a te r s  were  
c o n n e c ted  toge ther  a n d  to  a gr a i n b i n mo u n te d  v a n e - a x i al fan . A i r 
d u c t s  were f a b r i c a te d  from s te e l  drums . The  h e a te r s  were  mou n ted 
on s k i d s so they co u l d be  moved to the s ho p  s i te .  S tan dard  b u i l d i ng 
m a te r i a l s were u s e d  to s u s pe n d  a b s orber  p l a te s  i n  a i r p a s s ag e s  th a t  
were  con n e c te d  to a i r c h ambers  a t  the  a i r i n l e t a n d  e x i t .  The  h e a ters  
were u sed  to  d ry 800  m3 ( 2 3000 bu ) of  soyb e a n s  a n d  1 23  m3 ( 3 500  b u ) · 
of  corn  d u r i n g  F a l l 1 982 . The  h e a ters  were n o t  u s e d  to h e a t  the  s ho p  
d u r i ng  t h e  w i n te r  of  1 982- 1 983 . No c r o p s  were d r i e d  i n  S p r i n g  1 983  
a s  w i n te r  w h e a t  was  not  p l a n te d .  
A m u l t i p u rp o s e  s o l a r  b a rn w a s  e rec ted to prov i de s u p p l emen ta l  
heat  for l arge h ay b a l e d ry i n g , g ra i n dryi ng , a n d  s ho p  he a t i ng  o n  
a f a rm l o c a ted  i n  E a s t Tenne s s ee . The  u n i t i n co rpora ted a s u s pended  
p l a te c o l l e c to r  i n  a v e rt i c a l  s o u thern w a l l a n d  mono - s l oped  roof . 
A i r w a s  p u l l ed t h ro u g h  the  c o l l e c tor a i r p a s s a g e s  of  the  w a l l a n d  
roof b y  a n  a i r h a n d l i n g sys tem w h i c h  a l s o  s e rv e d  to f o r c e  a i r t h ro u g h  
l a rge rou n d  b a l e s  o f  h ay v i a  f l oor d u c ts . The  f l oor  d u c ts c o u l d be  
s e a l e d  so  tha t a i r w a s  forced  to  a duc t w h i c h s u p p l i ed hea ted a i r 
to two adj a c e n t  g r a i n b i n s . The  emp ty d ry i n g  b a rn w i th  open  f l oor 
du c ts c o u l d s e rv e  a s  a h e a ted  s hop . The  barn was u s ed to d ry 
1 2 5  
400  680 - k g  ( 1 5 0 0- l bm ) l a rge ro u n d  ba l e s  o f  a l f a l fa h ay ,  7 2 . 3  m3 
( 2 0 5 0  b u ) of  w he a t ,  a n d  3 5 2 . 6  m3 ( 1 0000 bu ) of  corn  d u r i n g  1 982 . 
When  n o t  i n  u s e  a s  a d r i e r ,  the  b a rn w a s  u se d  p r i ma r i l y  a s  a s torage  
b a rn . 
A m i c ro c omp uter - b a s e d  d a ta acq u i s i t i on  sys tem c o n s i s ted  of  
h ardware a n d  s o f tw are com p r i s i n g f i e l d u n i ts  a n d  a hos t com p u te r . 
D E C  P D P- 1 1 /03  m i crocomp u te r s  w i th a s s o c i a ted  p e r i p h e ra l eq u i pme n t  
were  moun ted i n  i n e x pe n s i v e s u i t ca se s  a n d  u s e d  a s  u n a ttended  f i e l d 
u n i ts .  T h ree f i e l d u n i ts  e a c h  s i mu l taneou s l y mon i to red  u p  to 1 6  
c h a n ne l s o f  i n p u t  w h i c h  c o n s i s te d  o f  s o l a r  rad i a t i on , re l a t i v e  hum i d i ty ,  
a i r v e l o c i ty ,  a n d  temperatures  at  v a r i o �s l o c a t i o n s  w i t h i n the  d ry i n g  
sys tem . To e l i m i n a te many tr i p s  t o  e a c h  s i te ,  d a t a  w e r e  r e tr i eved  
from the  f i e l d u n i ts by a ho s t  c om p u te r  wh i c h c o u l d c o n tac t each  f i e l d 
u n i t v i a  te l ep hone . D a ta were  tra n s fe rred to a DEC- 1 0  m a i n f rame com­
pu te r  where pe rfo rman c e  c u rv e s  were i n te g r a ted  to determ i ne the  to ta l  
amo u n t  of  u s a b l e heat  th a t  the  h e a te rs s u p p l i e d  fo r dry i ng  and  
average  c o l l e c to r  eff i c i e n c i e s . 
T herm a l  a n a l y s e s  revea l ed  th a t  s o l a r  a i r h e a te r s  c a n  s u c c e s s ­
fu l l y  be  u s e d  t o  p rov i de a s u i ta b l e a i r tempe r a ture  r i s e  needed  f o r  
mo s t  per i od s  of  c rop  d ry i n g . T h e  a n a l ys i s  further  i nd i c a te d  th a t  
a s u s pended  c o rru g a ted  a b s orber  p l ate  prov i ded  an  effe c t i v e  me a n s  
of  s o l a r  r a d i a t i o n  i n te r c e p t i o n . T h e  h e a ters  opera ted w i th average  
eff i c i e nc i e s i n  the  range  of 5 0  to 70 perc e n t ,  w h i c h a g reed  w i th the  
re s u l t s  of s i m i l ar  s tu d i e s . 
The  e c o n om i c fea s i b i l i ty of so l ar  a i r h e a te r s  w a s  c ompu te d  
on  t h e  b a s i s  t h a t  s o l a r h e a t  c o u l d be v a l u e d  t h e  s ame a s  t h e  c o s t 
of  an  eq u i v a l e n t  amo u n t  of LPG  hea t .  T h e  s tu dy of the  s o l ar  barn  
accou n ted  for  the  v a l u e  of the  s truc ture a s  a dry i n g  f a c i l i ty .  The  
a n a l ys i s  c a l c u l a te d  a p roj e c te d  a n n u a l  s av i n g s  b a s e d  o n  the  amo u n t  
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of  h e a te r  u s e  o b s e rv e d  o n  t h e  farms  co n s i dered . S evera l  compu ta t i o n s  
were m a d e  b y  u s i n g  a n umber  of d i ffe re n t  i n te re s t  a n d  fue l  i nf l a t i o n  
r a te s . 
I I .  CONCLU S I ON S  
Mo n i to r i n g  of  the  t h ree s o l a r  a i r  h e a te r s  c o u p l e d  w i th the  
a n a l ys i s  of  t h e  therma l pe rformance  a n d  econom i c f e a s i b i l i ty re s u l ted 
i n  the fo l l ow i n g  c o n c l u s i o n s : 
1 .  Cro p d ry i n g  i n  Te n n e s see  req u i res  the  u s e  of  h e a ted  a i r 
s i n ce t h e  r e l a t i v e  humi d i ty of  amb i en t  a i r i s  typ i c a l l y  
above  5 5  percen t d u r i n g  dry i n g  s e a s o n s . 
2 .  A s u s pe n de d  p l a te a i r  h e a te r  w i th a corru g a te d  f i berg l a s s  
cov e r  h a s  prov e n  to b e  a f a i rl y d u r ab l e u n i t t h a t  w i l l  
w i th s ta n d  f arm re l a ted  cond i ti o n s . 
3 .  The  wrap- around  s o l a r  a i r  h e a te r  pe rfo rmed s a t i s f a c to r i l y  
i n  s u p p l yi n g  he a ted  a i r for g ra i n  d ry i n g . A i r tempera ture 
r i s e  r a n g e d  from an  ave rage  o f  3 . 3 ° C  ( 6 ° F )  i n  F a l l 1 982 
to 1 . 1 ° C ( 2 ° F )  i n  S pr i n g  1 983 . 
4 .  The  portab l e s o l ar  a i r  h e a te r  perfo rmed s a t i s f a c to r i l y  
i n  s u p p l y i n g  h e a te d  a i r  for gra i n d ry i n g . Av e rage  a i r 
tempera t u re r i s e  du r i ng F a l l 1 982 w a s  9 . 4 ° C  ( 1 7 ° F ) . Mov i n g 
the  h e a te r  w a s  c umbe rsome b e c a u s e  of  h e a te r  s i z e .  T h i s  
i n conv e n i ence  made m u l t i p l e  u s e s  d i ff i c u l t .  
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5 .  T h e  m u l t i pu r p o s e  s o l a r  b a rn perfo rmed s a t i s fa c to r i l y  i n  
s u p p l y i n g  h e a te d  a i r fo r bo th h ay a n d  g ra i n  d ryi n g .  
Ave rage  a i r tempe ra tu re r i s e  d u r i n g  1 982 w a s  5 . 8 ° C  ( 1 0 ° F ) . 
Al f a l fa  h ay d r i e d  i n  the b a rn typ i c a l l y  h a d  a p ro te i n  
l ev e l  above  2 0  perc e n t .  
6 .  T h e  d a t a  acqu i s i t i o n sys tem performed s a t i s fa c to r i l y  i n  
the  o n - f a rm e n v i ronme n t .  Commu n i c a t i o n s  b e tween  the  
f i e l d u n i t and  hos t u n i t was  a c compl i s hed  s u c c e s s fu l l y  
mo s t  of the  t i me , even  when  the re was  c on s i derab l e no i s e 
o n  the  te l e p h o n e  l i ne .  Mo s t  o f  the prob l em s a s s o c i ated  
w i th  the  d a ta acq u i s i t i on  sys tem were  re l a te d  to s en s o rs . 
7 .  The  s e n s o r s  c a n  be  eva l u a te d  a s  fo l l ow s : 
a .  T h e  pyra n ome te r  w a s  a re l i ab l e u n i t  w h i c h  g av e  
v i r t u a l l y  n o  tro u b l e .  
b .  The  re l a t i v e  humi d i ty s e n s o r  o p e r a ted  tro ub l e - f ree  
i n i t i a l l y b u t  tended  to  f a i l or  g i v e e rroneous  o u tp u ts 
w i th  age . 
c .  T h e  v e l o c i ty s e n s o r  was  fa i r l y  a c c u r a te for  the  c a l i b r a ­
ted tempe ra ture range . A w i der  c a l i b ra t i on  tempe ra ture 
range  o f  4 ° C- 7 1 ° C ( 40 ° F - 1 60 °F ) w a s  needed . Compo ne n t  
re l i ab i l i ty w a s  l ow .  
d .  The  tempe ra ture s e n sors  were  f a i r l y r e l i ab l e .  D ue  
to a l a c k  of  s e n s o r  a c c u racy , a h i g he r  g rade  s e n s o r  
s ho u l d h a v e  b e e n  u s e d . 
8 .  The  e co n om i c fe a s i b i l i ty of  u s i n g  s o l ar  e n e rgy for  crop  
d ry i n g  a p pe a red a s  an  a s  set  i n  tv.JO case  s tu d i e s  and  as  
a l i a b i l i ty i n  one  o t he r . I n  t h e  c a s e  w here  the  h e a te r  
was  a l i ab i l i ty ,  h e a ter  u s age  w a s  l ow .  
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